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Preface

Fixed point theory is a fascinating subject, with an enormous number of applications
in various fields of mathematics. Maybe due to this transversal character, I have
always experienced some difficulties to find a book (unless expressly devoted to
fixed points) treating the argument in a unitary fashion. In most cases, I noticed
that fixed points pop up when they are needed. On the contrary, I believe that
they should deserve a relevant place in any general textbook, and particularly, in
a functional analysis textbook. This is mainly the reason that made me decide to
write down these notes. I tried to collect most of the significant results of the field,
and then to present various related applications.

This work consists of two chapters which, although rather self-contained, are
conceived to be part of a future functional analysis book that I hope to complete in
the years to come. Thus some general background is needed to approach the next
pages. The reader is in fact supposed to be familiar with measure theory, Banach
and Hilbert spaces, locally convex topological vector spaces and, in general, with
linear functional analysis.

Even if one cannot possibly find here all the information and the details contained
in a dedicated treatise, I hope that these notes could provide a quite satisfactory
overview of the topic, at least from the point of view of analysis.

Vittorino Pata



Notation

Given a normed space X, xr € X and r > 0 we denote
Bx(z,r) = {yeX:|y—=z|<r}

Bx(z,r) = {y eX:lly—z| < r}
OBx(z,r) = {yeX:|ly—z|=r}

<

Whenever misunderstandings might occur, we write |[z[|x to stress that the norm
is taken in X. For a subset Y C X, we denote by Y the closure of Y, by Y the
complement of Y, by span(Y’) the linear space generated by Y, and by co(Y) the

convex hull of Y, that is, the set of all finite convex combinations of elements of Y.

We will often use the notion of uniformly conver Banach space. Recall that a
Banach space X is uniformly convex if given any two sequences x,,y, € X with

ol 1 Nl 1 Jim o+ g = 2
it follows that

lim ||z, — yn|| = 0.

n—oo

In particular, we will exploit the property (coming directly from the definition of uni-
form convexity) that minimizing sequences in closed convex subsets are convergent.
Namely, if C' C X is (nonvoid) closed and convex and z,, € C'is such that

Jim l | = Inf {lyl|
then there exists a unique x € C' such that
|zl = inf lyl]  and  lim z, =z

Clearly, being Hilbert spaces uniformly convex, all the results involving uniformly
convex Banach spaces can be read in terms of Hilbert spaces.

A weaker notion is strict convezity: a Banach space X is strictly convex if for
all z,y € X with x # y the relation

el = llyll <1

implies
|z +yll < 2.
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It is immediate to check from the definitions that uniform convexity implies strict
convexity.

Other spaces widely used here are locally conver spaces. A locally convex space
X is a vector space endowed with a family P of separating seminorms. Hence for
every element = € X there is a seminorm p € P such that p(z) = 0. Therefore
P gives X the structure of (Hausdorff) topological vector space in which there is a
local base whose members are covex. A local base B for the topology is given by
finite intersections of sets of the form

{reX:p)<e}
for some p € P and some € > 0. Note that, given U € B, there holds

U—i—U::{x—i-y:xEU,yGU}zQU::{Q:c:xGU}.

Good references for these arguments are, e.g., the books [1, 4, 14]. Concerning
measure theory, we address the reader to [11, 13].



1. FIXED POINT THEOREMS

Fixed point theorems concern maps f of a set X into itself that, under certain
conditions, admit a fized point, that is, a point x € X such that f(z) = x. The
knowledge of the existence of fixed points has relevant applications in many branches
of analysis and topology. Let us show for instance the following simple but indicative
example.

1.1 Example Suppose we are given a system of n equations in n unknowns of
the form

gj(x1,...,z,) =0, j=1,....n

where the g; are continuous real-valued functions of the real variables z;. Let
hj(xy,...,x,) = gj(z1,...,2,) + z;, and for any point x = (z1,...,z,) define
h(z) = (hi(z),..., hy(z)). Assume now that h has a fixed point & € R"™. Then
it is easily seen that T is a solution to the system of equations.

Various application of fixed point theorems will be given in the next chapter.
The Banach contraction principle
1.2 Definition Let X be a metric space equipped with a distance d. A map
f X — X is said to be Lipschitz continuous if there is A > 0 such that

d(f(x1), f(z2)) < Ad(x1,22), Va9 € X.

The smallest A for which the above inequality holds is the Lipschitz constant of f.
If A <1 fissaid to be non-expansive, it A < 1 f is said to be a contraction.

1.3 Theorem [Banach] Let f be a contraction on a complete metric space X .
Then f has a unique fixed point * € X.

PROOF Notice first that if z1, 9 € X are fixed points of f, then
d(z1,z9) = d(f(71), f(22)) < Ad(z1,22)

which imply x; = x5. Choose now any zy € X, and define the iterate sequence
Zpt1 = f(z,). By induction on n,

d(xn+17 $n> < )‘nd(f(xo)> l‘o).

5



6 1. FIXED POINT THEOREMS

IfneNand m > 1,

IN

d(xn—l—m» xn—&-m—l) + e+ d($n+1, xn)

(A" 4 -+ A d(f (w0), 7o) (1)

1—\ d(f(xo), o)

d(xn—l—m, xn)

IN

IA

Hence z,, is a Cauchy sequence, and admits a limit £ € X, for X is complete.
Since f is continuous, we have f(z) = lim,, f(z,) = lim, z,+1 = . o

Remark Notice that letting m — oo in (1) we find the relation

)\’FL

d(z,,z) <
(T, T) T x

d(f(Io), 1’0)

which provides a control on the convergence rate of x,, to the fixed point Z.

The completeness of X plays here a crucial role. Indeed, contractions on incom-
plete metric spaces may fail to have fixed points.

Example Let X = (0,1] with the usual distance. Define f : X — X as
f(@) = 2/2.

1.4 Corollary Let X be a complete metric space and Y be a topological space.
Let f: X XY — X be a continuous function. Assume that f is a contraction on X
uniformly in Y, that is,

d(f(ﬂ?l,y>,f<$2,y>> S)\d(l’l,l’g), vxthEX? V?JEY

for some \ < 1. Then, for every fixed y € Y, the map x — f(x,y) has a unique
fized point p(y). Moreover, the function y — @(y) is continuous from Y to X.

Notice that if f : X xY — X is continuous on Y and is a contraction on X
uniformly in Y, then f is in fact continuous on X x Y.

PROOF In light of Theorem 1.3, we only have to prove the continuity of ¢. For
Y,y € Y, we have

d(e(), ¢(yo)) = d(f(e),y), f(e(yo);yo))
< d(f(e), ), f(e(w0),y) + d(f (o) y), f(¥(¥o), Yo))
< Md(o(y), (yo)) + d(f(e(¥0),y), f(©(Yo), vo))
which implies
(), o(0)) < 7 A (o). ), £ ol0). o)

Since the above right-hand side goes to zero as y — o, we have the desired
continuity. o



THE BANACH CONTRACTION PRINCIPLE 7

Remark If in addition Y is a metric space and f is Lipschitz continuous in Y,
uniformly with respect to X, with Lipschitz constant L > 0, then the function
y — (y) is Lipschitz continuous with Lipschitz constant less than or equal to
L/(1—=)).

Theorem 1.3 gives a sufficient condition for f in order to have a unique fixed
point.

Example Consider the map

[ 12+2  ze0,1/4
g(m)_{ 1/2 z e (1/4,1]

mapping [0, 1] onto itself. Then g is not even continuous, but it has a unique
fixed point (z = 1/2).

The next corollary takes into account the above situation, and provides existence
and uniqueness of a fixed point under more general conditions.

Definition For f : X — X and n € N, we denote by f" the n'-iterate of f,
namely, fo---o f n-times (f° is the identity map).
1.5 Corollary Let X be a complete metric space and let f: X — X. If f* is a

contraction, for somen > 1, then f has a unique fixed point * € X.

PROOF Let Z be the unique fixed point of f", given by Theorem 1.3. Then
f"(f(@)) = f(f"(z)) = f(z), which implies f(Z) = z. Since a fixed point of f is
clearly a fixed point of f™, we have uniqueness as well. o

Notice that in the example ¢*(z) = 1/2.

1.6 Further extensions of the contraction principle There is in the literature
a great number of generalizations of Theorem 1.3 (see, e.g., [6]). Here we point out
some results.

Theorem [Boyd-Wong] Let X be a complete metric space, and let f : X — X.
Assume there exists a right-continuous function ¢ : [0,00) — [0,00) such that
o(r) <rifr >0, and

d(f(z1), f(x2)) < p(d(21, 72)), Vi, x e X.

Then f has a unique fized point * € X. Moreover, for any xqg € X the sequence
f™(zo) converges to .

Clearly, Theorem 1.3 is a particular case of this result, for p(r) = Ar.

PROOF If z1, x5 € X are fixed points of f, then

d(w1,m2) = d(f(21), f(2)) < o(d(71,72))
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so 1 = wx9. To prove the existence, fix any zo € X, and define the iterate
sequence T, 1 = f(z,). We show that x,, is a Cauchy sequence, and the desired
conclusion follows arguing like in the proof of Theorem 1.3. For n > 1, define
the positive sequence

ap = d(Tp, Tp_1).

It is clear that a, 11 < ¢(a,) < a,; therefore a,, converges monotonically to some
a > 0. From the right-continuity of ¢, we get a < ¢(a), which entails a = 0. If
x, is not a Cauchy sequence, there is € > 0 and integers m; > ny > k for every
k > 1 such that

di = d(Tpm,, Tn,,) > €, Vk>1.
In addition, upon choosing the smallest possible m;, we may assume that
A(Tpy,_,,Tp,) < €
for k big enough (here we use the fact that a,, — 0). Therefore, for k big enough,
e <dp < d(XTmys Tmy_,) + ATy Tny) < Ay, + €
implying that dy — ¢ from above as kK — co. Moreover,
di < dpgr + Ay, + ny, < (dr) + Ay, gy

and taking the limit as k¥ — oo we obtain the relation € < ¢(e), which has to be
false since € > 0. o

Theorem [Caristi] Let X be a complete metric space, and let f : X — X.
Assume there exists a lower semicontinuous function ¢ : X — [0,00) such that

d(z, f(2)) < (x) —¢(f(z)), VreX
Then f has (at least) a fixed point in X.

Again, Theorem 1.3 is a particular case, obtained for ¥ (z) = d(z, f(x))/(1 — ).
Notice that f need not be continuous.

PROOF We introduce a partial ordering on X, setting
r=y ifandonlyif  d(z,y) <4(r) —¢(y).

Let () # Xy C X be totally ordered, and consider a sequence z,, € Xy such that
(x,,) is decreasing to a := inf{y(x) : x € Xo}. If n € Nand m > 1,

3

d(l'n—i-nm In) S d(xn—&-i—i-la xn—i—i)

1]

-1

3

™

s
Il
=)

V(Tnyi) — V(Tnyiv1)

[
=

l'n) - w(xn+m)'
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Hence z,, is a Cauchy sequence, and admits a limit z, € X, for X is complete.
Since ¢ can only jump downwards (being lower semicontinuous), we also have
Y(zy) = a. If z € Xy and d(x,z,) > 0, then it must be x < x, for large n.
Indeed, lim, ¢ (z,) = ¥(z.) < ¢¥(x). We conclude that z, is an upper bound
for Xy, and by the Zorn lemma there exists a maximal element z. On the other
hand, < f(Z), thus the maximality of Z forces the equality z = f(z). o

If we assume the continuity of f, we obtain a slightly stronger result, even re-
laxing the continuity hypothesis on .

Theorem Let X be a complete metric space, and let f : X — X be a continuous
map. Assume there exists a function 1 : X — [0,00) such that

d(z, f(z)) < ¢(x) —¢(f(x), VeelX

Then f has a fixved point in X. Moreover, for any xy € X the sequence f"™(xq)
converges to a fized point of f.

PROOF Choose zy € X. Due the above condition, the sequence ¥(f"(zo))
is decreasing, and thus convergent. Reasoning as in the proof of the Caristi
theorem, we get that f"(zy) admits a limit £ € X, for X is complete. The
continuity of f then entails f(z) = lim, f(f™(x0)) = . o

We conclude with the following extension of Theorem 1.3, that we state without
proof.

Theorem [Cirié] Let X be a complete metric space, and let f : X — X be such
that

d(f(z1), f(x2))
< )\max{d(xl,xg),d(ajl,f(xl)),d(xQ,f(xg)),d(:cl,f(xg)),d(:r;g,f(wl))}

for some A < 1 and every x1,x5 € X. Then f has a unique fixed point = € X.
Moreover, d(f"(xo),z) = O(N") for any xy € X.

Also in this case f need not be continuous. However, it is easy to check that it
is continuous at the fixed point. The function g of the former example fulfills the
hypotheses of the theorem with A = 2/3.

1.7 Weak contractions We now dwell on the case of maps on a metric space
which are contractive without being contractions.

Definition Let X be a metric space with a distance d. A map f: X — X is a
weak contraction if

d(f(z1), f(x2)) < d(xy,x2), Va, # a9 € X
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Being a weak contraction is not in general a sufficient condition for f in order to
have a fixed point, as it is shown in the following simple example.

Example Consider the complete metric space X = [1,+00), and let f : X — X
be defined as f(x) = x4+ 1/x. It is easy to see that f is a weak contraction with
no fixed points.

Nonetheless, the condition turns out to be sufficient when X is compact.

Theorem Let f be a weak contraction on a compact metric space X. Then f
has a unique fized point T € X. Moreover, for any xy € X the sequence f"(xq)
converges to T.

PROOF The uniqueness argument goes exactly as in the proof of Theorem 1.3.
From the compactness of X, the continuous function x — d(zx, f(z)) attains its
minimum at some z € X. If 7 # f(z), we get

d(z, f(z)) = mind(z, f(z)) < d(f(2), f(f(2))) < d(z, f(2))

which is impossible. Thus Z is the unique fixed point of f (and so of f™ for all
n > 2). Let now xy # T be given, and define d,, = d(f"(x¢),Z). Observe that

dn+1 = d(fn+1<x0)7 f('i.)) < d(fn<x0)> j) = dn
Hence d, is strictly decreasing, and admits a limit > 0. Let now f™(xg) be a
subsequence of f"(xq) converging to some z € X. Then

r=d(z,z) = lim d,, = kh_}rglo dpptr1 = kh_)rgo d(f(f™(x0)), ) =d(f(z), ).

k—o00

But if z # z, then

d(f(2),7) = d(f(2), f(7)) < d(z,T).

Therefore any convergent subsequence of f™(z() has limit z, which, along with
the compactness of X, implies that f"(zq) converges to . o

Obviously, we can relax the compactness of X by requiring that f(X) be compact
(just applying the theorem on the restriction of f on f(X)).
Arguing like in Corollary 1.5, it is also immediate to prove the following

Corollary Let X be a compact metric space and let f: X — X. If f* is a weak
contraction, for somen > 1, then f has a unique fixed point * € X.

1.8 A converse to the contraction principle Assume we are given a set X and
amap f: X — X. We are interested to find a metric d on X such that (X,d) is a
complete metric space and f is a contraction on X. Clearly, in light of Theorem 1.3,
a necessary condition is that each iterate f™ has a unique fixed point. Surprisingly
enough, the condition turns out to be sufficient as well.
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Theorem [Bessaga] Let X be an arbitrary set, and let f: X — X be a map
such that f™ has a unique fized point x € X for every n > 1. Then for every
e € (0,1), there is a metric d = d. on X that makes X a complete metric space,
and f is a contraction on X with Lipschitz constant equal to .

PROOF Choose € € (0,1). Let Z be the subset of X consisting of all elements z
such that f"(z) = z for some n € N. We define the following equivalence relation
on X \ Z: we say that x ~ y if and only if f"(z) = f™(y) for some n,m € N.
Notice that if f*(z) = f™(y) and f*(z) = f™(y) then f*+™(z) = fm™+(z).
But since x ¢ Z, this yields n +m' = m + n’, that is, n —m =n' —m/. At
this point, by means of the axiom of choice, we select an element from each
equivalence class. We now proceed defining the distance of & from a generic
x € X by setting d(z,z) = 0, d(z,z) = ¢ " if x € Z with © # Z, where
n=min{m € N: f"(z) =z}, and d(z,z) =" if © ¢ Z, where n,m € N are
such that f"(z) = f™(x), & being the selected representative of the equivalence
class [z]. The definition is unambiguous, due to the above discussion. Finally,
for any x,y € X, we set

d(r,7) +d(y,z) ifz#y
0 if x =y.

d(z,y) = {

It is straightforward to verify that d is a metric. To see that d is complete,
observe that the only Cauchy sequences which do not converge to  are ultimately
constant. We are left to show that f is a contraction with Lipschitz constant
equal to e. Let v € X, z # z. If x € Z we have

A(f (@), () = d(f(x),7) < e = e~ — ed(, 7).
If € Z we have
A(f(2), F(@)) = d(f(x),7) = & = 2D = 2d(a, 7)

since z ~ f(x). The thesis follows directly from the definition of the distance. ¢

Sequences of maps and fixed points

Let (X,d) be a complete metric space. We consider the problem of convergence of
fixed points for a sequence of maps f, : X — X. Corollary 1.5 will be implicitly
used in the statements of the next two theorems.

1.9 Theorem Assume that each f, has at least a fized point x, = f,(x,). Let
f: X — X be a uniformly continuous map such that f™ is a contraction for some
m > 1. If f, converges uniformly to f, then x,, converges to T = f(Z).

PROOF We first assume that f is a contraction (i.e., m = 1). Let A < 1 be the
Lipschitz constant of f. Given € > 0, choose ny = ng(e) such that

d(fu(z), f(z)) <e(1—=N), Vn>ny VoelX.
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Then, for n > ng,

d(wn,T) = d(falz,), (7))
< d(ful@n), f(zn)) + d(f(zn), [(Z))
< (1= A) + Ad(z,, 7).

Therefore d(z,,z) < £, which proves the convergence.
To prove the general case it is enough to observe that if

d(f™(z), f™(y)) < A"d(x,y)

for some A < 1, we can define a new metric dy on X equivalent to d by setting

3

ol y) = Y el F4(), 14(0)

0

=
Il

Moreover, since f is uniformly continuous, f, converges uniformly to f also with
respect to dy. Finally, f is a contraction with respect to dy. Indeed,

m—1

(7@ f) = 3 5 @), )
- Amz @), ) + g d (), 7))
< Am @), £4() = Az v).
So the problem is reduced to_the previous case m = 1. o

The next result refers to a special class of complete metric spaces.

1.10 Theorem Let X be locally compact. Assume that for each n € N there
s m, > 1 such that ™ s a contraction. Let f : X — X be a map such that
f™ 1s a contraction for some m > 1. If f, converges pointwise to f, and f, is an
equicontinuous family, then x,, = f,(x,) converges to T = f(Z).

PROOF Let ¢ > 0 be sufficiently small such that
K(z,e)={re X :d(z,z)<e} CX

is compact. As a byproduct of the Ascoli theorem, f,, converges to f uniformly on
K(z,¢), since it is equicontinuous and pointwise convergent. Choose ng = ng(¢)
such that

d(f*(x), f™(x)) <e(l =), Vn>ng Vae K(z,e)
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where A < 1 is the Lipschitz constant of f™. Then, for n > ng and x € K(7,¢)
we have

d(f7'(x),x) = d(f;(x), ["(7))
) +d(f" (x), (7))
e(1—=A)+ Xd(z,z) <e.

IN
=
3
=
:_/
~

3

8

~—>"

IN

Hence f"(K(Z,e)) C K(z,¢e) for all n > ng. Since the maps f'» are contrac-
tions, it follows that, for n > ng, the fixed points z,, of f, belong to K(z,¢),
that is, d(x,,z) < e. o

Fixed points of non-expansive maps

Let X be a Banach space, C' C X nonvoid, closed, bounded and convex, and let
f: C — C be a non-expansive map. The problem is whether f admits a fixed point
in C. The answer, in general, is false.

Example Let X = ¢y with the supremum norm. Setting C = Bx(0, 1), the
map f : C — C defined by

f(z) = (1,29, 21,...), for ¥ = (xg, 11, 79,...) € C
is non-expansive but clearly admits no fixed points in C.

Things are quite different in uniformly convex Banach spaces.

1.11 Theorem [Browder-Kirk] Let X be a uniformly convex Banach space and
C C X be nonvoid, closed, bounded and convex. If f : C'— C is a non-expansive
map, then f has a fixed point in C'.

We provide the proof in the particular case when X is a Hilbert space (the general
case may be found, e.g., in [6], Ch.6.4).

PROOF Let z, € C be fixed, and consider a sequence r, € (0,1) converging to
1. For each n € N, define the map f, : C' — C as

fol@) =rpf(x) + (1 —rp)x,.

Notice that f,, is a contractions on C, hence there is a unique x,, € C' such that
fu(zy) = z,. Since C'is weakly compact, x,, has a subsequence (still denoted by
x,) weakly convergent to some z € C. We shall prove that 7 is a fixed point of
f. Notice first that

lim (|| f(z) = zall* = |7 = 2a]|*) = £ (2) — 2|

n—oo
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Since f is non-expansive we have
1f(Z) =zl < [1f(Z) = f@n)ll + [[f (2n) — 2l
< 1z =2l + 11 (2n) — 0]
= [z =zl + (1 = ra) [ f(2n) — 2.l
But r, — 1 as n — oo and C is bounded, so we conclude that

limsup ([|f(z) — 2| — |z — za]?) <0

n—oo

which yields the equality f(z) = z. o

Proposition In the hypotheses of Theorem 1.11, the set F' of fized points of f
15 closed and conver.

PROOF The first assertion is trivial. Assume then zg, z; € F', with xq # x1, and
denote z; = (1 — t)xo + tzy, with ¢ € (0,1). We have

1f (ze) = oll = [ f(ze) = f(zo)l| < [lze — 2ol = tl|l1 — o
1 () =l = [1f (ze) = fle)l] < llee = 21 ll = (1= ) [lzy — o]
that imply the equalities
1f(2e) = ol = #llwr — o]
() =2l = (1= B)flwr = ol

The proof is completed if we show that f(z;) = (1 —t)xg+tx;. This follows from
a general fact about uniform convexity, which is recalled in the next lemma. ¢

Lemma Let X be a uniformly convex Banach space, and let o, x,y € X be such
that

loe =zl =tz —yll,  lla—yll = =Dz —yl
for some t € [0,1]. Then a = (1 —t)x + ty.

PROOF Without loss of generality, we can assume ¢t > 1/2. We have

1= —z) —tla—y)l| = [(1-2t)(—2)—tx—-y)
>tz —yll = (1 =2t)]la -z
= 2t(1=t)[lz -yl

Since the reverse inequality holds as well, and
(I =t)a =zl =t —yl| = t(1 = )|z — y]|
from the uniform convexity of X (but strict convexity would suffice) we get
lov = (1 = t)x —tyl| = [|(1 = ) (e — x) + t{a = y)[| = 0

as claimed. o
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The Riesz mean ergodic theorem

If T is a non-expansive linear map of a uniformly convex Banach space, then all the
fixed points of T are recovered by means of a limit procedure.

1.12 Projections Let X be a linear space. A linear operator P : X — X is
called a projection in X if P?x = PPx = Px for every z € X. It is easy to check
that P is the identity operator on ran(P), and the relations ker(P) = ran(I — P),
ran(P) = ker(I — P) and ker(P) Nran(P) = {0} hold. Moreover every element
x € X admits a unique decomposition z = y + z with y € ker(P) and z € ran(P).

Proposition If X is a Banach space, then a projection P is continuous if and
only if X = ker(P) @ ran(P).

The notation X = A @® B is used to mean that A and B are closed subspaces of
X such that AN B = {0} and A+ B = X.

PROOF If P is continuous, so is I — P. Hence ker(P) and ran(P) = ker(I — P)
are closed. Conversely, let x,, — z, and Pz, — y. Since ran(P) is closed,
y € ran(P), and therefore Py = y. But Pz,, —z,, € ker(P), and ker(P) is closed.
So we have z — y € ker(P), which implies Py = Px. From the closed graph
theorem, P is continuous. o

1.13 Theorem [F. Riesz] Let X be a uniformly convex Banach space. Let
T:X — X be a linear operator such that

[Tzl < [lzll,  VzelX

Then for every x € X the limit

— lm r+Te+---+T"x
px—n_)oo nal

exists. Moreover, the operator P : X — X defined by Pr = p, is a continuous
projection onto the linear space M ={y € X : Ty = y}.

PROOF Fix z € X, and set

C =co{x, Tz, T?x, T3x,...}).

C is a closed nonvoid convex set, and from the uniform convexity of X there is
a unique p, € C such that

1= |lps|| = inf {||z]| : z € C}.

Select ¢ > 0. Then, for p, € C, there are m € N and nonnegative constants
Q, 1, - -,y With 377 ;= 1 such that, setting

m
z = E a7z
j=0
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there holds
Ipe — 2|l <e.

In particular, for every n € N,

2+Tz+--+T"z
n+1

'SHzHéwe.

Notice that

24+ T2+ +T"2 = (apr+-+a,T"7) + (Tx + - + a, T 1)
+oo At (T + -+ @, T ).

Thus, assuming n > m, we get
24+Tz4---+T"z2=x+Te+---+T"x+7r
where

ro= (qp—Dz+ -+ (w+ar+ -+ ay— )T '

+(1—&0)T1+n$+"'+(1—a0—0é1 —"'—()Zm_l)Tm+n$.
Therefore
r+Te+--+T"v  z24+Tz+---+T"z r
n+1 N n+1 n+1
Since
r 2m||z||
n+1|| = n+1

upon choosing n enough large such that 2m||z|| < e(n + 1) we have

r+Tex+- - +1T"x
n+1

2+ Tz+--+T1"z
n+1

< 2e.
[l <

On the other hand, it must be

r+Te+---+T"x
n+1

> 1.

Then we conclude that

z+Trx+---+T"x
n+1

lim

n—oo

:M'

This says that the above is a minimizing sequence in C, and due to the uniform
convexity of X, we gain the convergence
r+Te+---+T"r

lim = Dy
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We are left to show that the operator Px = p, is a continuous projection onto
M. Indeed, it is apparent that if x € M then p, = x. In general,
Te+T*x+ -+ Ty Ty —x

Tp, = lim =p, + lim
p n—00 n+1 p n—oo n+1

= Pz

Finally, P?’x = PPx = Pp, = p, = Px. The continuity is ensured by the
relation ||p,| < ||z o

When X is a Hilbert space, P is actually an orthogonal projection. This follows
from the next proposition.

Proposition Let H be a Hilbert space, P = P?> : H — H a bounded linear
operator with ||P|| < 1. Then P is an orthogonal projection.

PROOF Since P is continuous, ran(P) is closed. Let then E be the orthogonal
projection having range ran(P). Then

P=E+PI-E).
Let now x € ran(P)*. For any £ > 0 we have
|P(Px +ex)|| < ||Px +ex||

which implies that
€
Px|* < —||z|*.
1Pl” < o——ll=|

Hence Pz = 0, and the equality P = E holds. o

The role played by uniform convexity in Theorem 1.13 is essential, as the follow-
ing example shows.

Example Let X = (> and let T' € L(X) defined by
Tx = (0,20, 21,...), for x = (xg, x1, 29, ...) € X.

Then T has a unique fixed point, namely, the zero element of X. Nonetheless, if
y=(1,1,1,...), for every n € N we have
1(1,2,...,n,n+1,n+1,...)

n+1

y+Ty+---+T"y
n+1

The Brouwer fixed point theorem

Let D" = {z € R : ||z|| < 1}. A subset E C D" is called a retract of D" if there
exists a continuous map r : D" — E (called retraction) such that r(z) = x for every
r e L.
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1.14 Lemma The set S*' = {zx € R": ||z| = 1} is not a retract of D".

The lemma can be easily proved by means of algebraic topology tools. Indeed,
a retraction r induces a homomorphism r, : H, ;(D") — H,_(S"™1), where H,,_,
denotes the (n—1)-dimensional homology group (see, e.g., [8]). The natural injection
j : S" 1 — D" induces in turn a homomorphism j, : H, {(S*!) — H,_;(D"), and
the composition 7j is the identity map on S"~!. Hence (rj). = r.j. is the identity
map on H, {(S"'). But since H, ;(D") = 0, j, is the null map. On the other
hand, H, (S"™!) =Z if n # 1, and Hy(S?) = Z @ Z, leading to a contradiction.

The analytic proof reported below is less evident, and makes use of exterior
forms. Moreover, it provides a weaker result, namely, it shows that there exist no
retraction of class C? from D" to S"~!. This will be however enough for our scopes.

PROOF Associate to a C? function h : D* — D" the exterior form
wh:hlth/\/\dhn
The Stokes theorem (cf. [12], Ch.10) entails

Dy, ::/ wh:/ dwh:/ dhl/\---/\dhn:/ det[Jy(z)] dx
§n—1 n n n

where Jy,(z) denotes the (n x n)-Jacobian matrix of h at . Assume now that
there is a retraction r of class C? from D" to S*~!. From the above formula, we
see that D, is determined only by the values of r on "', But rga-1 = ijgn—1,
where i : D™ — D™ is the identity map. Thus D, = D; = vol (D"). On the other
hand ||r|| = 1, and this implies that the vector J,.(z)r(z) is null for every z € D".
So 0 is an eigenvalue of J,.(z) for every x € D", and therefore det[.J.] = 0 which
implies D, = 0. o

Remark Another way to show that det[.J,] = 0 is to observe that the determi-
nant is a null lagrangian (for more details see, e.g., [5], Ch.8)

1.15 Theorem [Brouwer| Let f:D" — D" be a continuous function. Then f
has a fized point T € D™,

PROOF Since we want to rely on the analytic proof, let f : D™ — D™ be of class
C2. If f had no fixed point, then

r(z) = t(@)f(z) + (1 —t(z))z

where

]* — (z, f(2)) — /(2] = (&, f(2))* + A = [[2]P)llz — f(@)[7
[l = f ()|

is a retraction of class C? from D" to S*~!, against the conclusion of Lemma 1.14.
Graphically, r(z) is the intersection with S"~! of the line obtained extending the

t(z) =
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segment connecting f(z) to . Hence such an f has a fixed point. Finally, let
f : D" — D" be continuous. Appealing to the Stone-Weierstrass theorem, we
find a sequence f; : D™ — D" of functions of class C? converging uniformly to f
on D". Denote Z; the fixed point of f;. Then there is z € D" such that, up to a
subsequence, 7; — Z. Therefore,

1f (@) =zl < (@) = f@)I + 1f (@) = fi@p)l + 1z =z — 0
as j — oo, which yields f(z) = z. o

Remark An alternative approach to prove Theorem 1.15 makes use of the
concept of topological degree (see, e.g., [2], Ch.1).

The Schauder-Tychonoff fixed point theorem

We first extend Theorem 1.15 to a more general situation.

1.16 Lemma Let K be a nonvoid compact convex subset of a finite dimensional
real Banach space X. Then every continuous function f : K — K has a fized point
T eK.

PROOF Since X is homeomorphic to R™ for some n € N, we assume without
loss of generality X = R"™. Also, we can assume K C D". For every x € D",
let p(z) € K be the unique point of minimum norm of the set z — K. Notice
that p(x) = « for every x € K. Moreover, p is continuous on D". Indeed, given
Ty, xr € D", with z,, — z,

lz = p@)ll < llz = plza)ll < llo = zall + inf ||z, — k] — llz = p(2)]

as n — oo. Thus x — p(x,) is a minimizing sequence as x,, — x in x — K, and
this implies the convergence p(z,) — p(x). Define now g(z) = f(p(x)). Then
g maps continuously D™ onto K. From Theorem 1.15 there is z € K such that

9(7) = 7 = f(2). o

As an immediate application, consider Example 1.1. If there is a compact and
convex set K C R™ such that h(K) C K, then h has a fixed point Z € K.

Other quite direct applications are the Frobenius theorem and the fundamental
theorem of algebra.

Theorem [Frobenius] Let A be a n X n matriz with strictly positive entries.
Then A has a strictly positive eigenvalue.

PROOF The matrix A can be viewed as a linear transformation from R™ to R™.
Introduce the compact convex set

K:{xER”:ijzl, z; >0 forjzl,...,n}

J=1
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and define f(x) = Azx/||Az||; (where || - ||; is the euclidean 1-norm). Notice
that if z € K, then all the entries of z are nonnegative and at least one is
strictly positive, hence all the entries of Az are strictly positive. Then f is a
continuous function mapping K into K, and therefore there exists £ € K such
that Az = ||Az|; z. o

Theorem [Fundamental of algebra] Let p(z) = ag + a1z + -+ + a,2" be a
complex polynomial of degree n > 1. Then there exits zy € C such that p(z9) = 0.

PROOF For our purposes, let us identify C with R2. Suppose without loss of
generality a, = 1. Let r = 24 |ag| + - -+ + |an—1|. Define now the continuous
function g : C — C as

z———=e

9(2) = ]
. ?) A |z > 1

r

where z = pe? with ¥ € [0,27). Consider now the compact and convex set
C ={z:|z] <r}. In order to apply the Brouwer fixed point theorem we need
to show that ¢(C) C C. Indeed, if |z| < 1,

1 -
|g(Z)|§|Z|+|p<Z)| <1+ + |ao| + + |an_1] <2<n
T T
Conversely, if 1 < |z| < r we have
n—1
9(2)] < ‘Z_p(z)l):‘z_f_ao-l-alZ—l- lan—1z
rznT r rznT
< —1—1—|a0’+'“+’an_1’ST—l-i—gST.
r r

Hence C' is invariant for g, and so g has a fixed point 2z, € C', which is clearly a
root of p. o

1.17 Partition of the unity Suppose Vi,...,V, are open subsets of a locally
compact Hausdorff space X, K C X is compact, and

KcWVviu---uV,.

Then for every j = 1,...,n there exists ¢, € C(X), 0 < ¢; < 1, supported on V;
such that
e1(z)+ -+ pu(z) =1, VzeK.

The collection @1, ..., @, is said to be a partition of the unity for K subordinate to
the open cover {V1,...,V,}.

The existence of a partition of the unity is a straightforward consequence of the
Urysohn lemma (see for instance [7]). We are often interested to find partitions of
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the unity for a compact set K C X whose members are continuous functions defined
on K. Clearly, in this case X need not be locally compact.

1.18 Theorem [Schauder-Tychonoff] Let X be a locally convex space, K C X
nonvoid and convex, Ky C K, Ky compact. Given a continuous map f : K — Ky,
there exists © € Ky such that f(z) = .

PROOF Denote by B the local base for the topology of X generated by the
separating family of seminorms P on X. Given U € B, from the compactness of
Ky, there exist xy,...,z, € Ky such that

Ky C O(IJ+U)

Jj=1

Let ¢1,...,9, € C(Kp) be a partition of the unity for K, subordinate to the
open cover {z; + U}, and define

fo(x) IZ%(f(x))xj, VzeK.
then

fU(K) C KU = CO({I’l, c. ,an}) CcCK
and Lemma 1.16 yields the existence of xy € Ky such that fy(xy) = zy. Then

vy — flev) = fuloy) — flay) = Z ei(f(zv))(z; — flzy)) €U (2)

for p;(f(xr)) = 0 whenever x;— f(xy) € U. Appealing again to the compactness
of Ky, there exists

ze () {flaw):UeB UCW}CK, (3)
weB

Select now p € P and € > 0, and let
V={zeX:pk)<e}eB.
Since f is continuous on K, there is W € B, W C V, such that
flz) = f(z) eV

whenever © — z € 2W, x € K. Moreover, by (3), there exists U € B, U C W,
such that
T— flzyp) e W CW. (4)

Collecting (2) and (4) we get

xU—a_::xU—f(mU)—l—f(xU)—y_ceU+WCW+W:2W
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which yields
flay) — f(z) € V. (5)
Hence (4)-(5) entail
p(z = f(7)) < p(T = f(2v)) +p(f(2v) — f(7)) < 2.

Being p and ¢ arbitrary, we conclude that p(z — f(z)) = 0 for every p € P, which
implies the equality f(z) = z. o

The following two propositions deal with the existence of zeros of maps on Banach

spaces. For a Banach space X and r > 0, let B, = Bx(0,7), and consider a
continuous map ¢ : B, — X, such that ¢g(B,) is relatively compact.

Proposition Let g(x) & {\z : A\ > 0} for every x € OB,. Then there is xg € B,
such that g(xy) = 0.

PROOF If not so, the function f(z) = rg(x)/||g(x)| is continuous from B, to
B, and f(B,) is relatively compact. From Theorem 1.18, f admits a fixed point
z € B,.. Then ¢(z) = ||g(7)||z/r with ||Z|| = r, against the hypotheses. o

Proposition Assume that for every x € OB, there exists A, € X*, Ayx = 1,
such that Ayg(x) > 0. Then there is g € B, such that g(xy) = 0.

PROOF Define f(z) = —rg(x)/||g(x)||. If g has no zeros, reasoning as above, f
has a fixed point Z € B,, and the relation —g(z) = ||g(z)||z/r, with ||z| = r,
holds. Taking A € X* such that Az = 1, we obtain Ag(z) = —||g(z)||/r < 0.
Contradiction. o

Let us see an interesting corollary about surjectivity of maps from R” to R™, that

extends a well-known result for matrices to the more general situation of continuous
maps.

Corollary Let f : R" — R"™ be a continuous function satisfying

o U@.2)

lall—co |||
Then f(R™) = R".
PROOF Fix yo € R", and set g(x) = f(z) — yo. Then, for r > 0 big enough,
(g9(x),z/||z|l) >0,  VazedB,.

Hence for every = € 0B,, the functional A, := (-, z/||z||) fulfills the hypotheses
of the last proposition. Therefore there is 2y € B, such that g(zg) = 0, that is,

f(xO) = Yo- S
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Remark These kind of conditions concerning the behavior of g on 0B, are
known as Leray-Schauder boundary conditions. The above results can be gen-
eralized to continuous functions defined on the closure of open subsets of X
with values in X satisfying certain compactness properties (see for instance [2],
pp-204-205, and [6], Ch.5.3).

In the applications it is somehow easier to work with functions defined on the
whole space X, and rather ask more restrictive conditions, such as compactness, on
the maps.

1.19 Definition Let X,Y be Banach spaces, and C C X. Amap f:C — Y is
said to be compact provided it transforms bounded sets into relatively compact sets.
If fe L(X,Y) it is the same as saying that the image of the unit closed ball under
f is relatively compact. In terms of sequences, f is compact if for every bounded
sequence z,, the sequence f(x,) has a convergent subsequence.

1.20 Theorem [Schaefer| Let X be a Banach space, f : X — X continuous
and compact. Assume further that the set

F={zeX :az=\f(zx) forsome Xel0,1]}
1s bounded. Then f has a fized point.

Remark Theorem 1.20 holds if we can prove a priori estimates on the set of
all the possible fixed point of Af. This technique is typical in partial differential
equations, where one proves estimates on a possible solution to a certain equa-
tion, and then, in force of those estimates, concludes that such solution actually
exists.

PROOF Let 7 > sup,.p ||z||, and define the map

f@) it | f@)) <2
glx) =4 2rf(z) i )
fa T @2

Then g : Bx(0,2r) — Bx(0,2r) is continuous and compact. Theorem 1.18 yields
the existence of zq € Bx(0,2r) for which g(x¢) = zo. Notice that || f(xq)| < 2r,
for otherwise

2r
Ty = )\of(l'()) with M=———-<1
[1f (o)
which forces ||zg]| = 2r, against the fact that o € F. Hence we get that
9(xo) = f(z0) = wo. °

1.21 Theorem [Krasnoselskii] Let X be a Banach space, C C X nonvoid,
closed and convex. Let f,g: C — X be such that

(a) f(z1)+g(z2) €C, Va9 €C;
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(b) f is continuous and compact;
(¢) g is a contraction (from C into X ).
Then there is & € C' such that f(Z) + g(ZT) = .

PROOF Notice first that I— ¢ maps homeomorphically C' onto (I—g¢)(C). Indeed,
I — g is continuous and

(I = g)(z1) = (L= g)(x2)l| = [J21 = @2l = llg(x1) = g(z2)[| = (1 = A)[|z1 — 2]

(A < 1is the Lipschitz constant of g) so (I — g)~! is continuous. For any y € C,
the map x — f(y) + g(z) is a contraction on C, hence by Theorem 1.3 there is a
unique z = z(y) € C such that z = f(y) + g(z). Thus z = (I —g)"*(f(y)) € C.
On the other hand, the map (I—g)~!o f is continuous and compact from C to C,
being the composition of a continuous map with a continuous and compact map.
Then Theorem 1.18 entails the existence of z € C such that (I—g)~!(f(z)) = z,
that is, f(z) + g(7) = . o

In general, it is not possible to extend Theorem 1.18 to noncompact settings.
This fact was already envisaged in our previous discussion about non-expansive
maps. Let us recall another famous example in Hilbert spaces.

Example [Kakutani] Consider the Hilbert space (%, For a fixed € € (0,1], let
fe : Be(0,1) — Bpg(0,1) be given by

fe(x) = (e(1 = ||=|), xo, 21, - - .), for & = (wg, 71, 7s,...) € 2.

Then f. has no fixed points in B(0,1), but it is Lipschitz continuous with
Lipschitz constant slightly greater than 1. Indeed,

[fe(x) = fe)Il < V14 [lz—yll
for all 7,y € By2(0,1).

It is therefore a natural question to ask when a continuous map f : C — C,
where C'is a closed, bounded and convex subset of a Banach space X, admits fixed
points. We know from Theorem 1.18 that if X is finite-dimensional the answer is
positive, since finite-dimensional Banach spaces have the Heine-Borel property. The
analogous result in infinite-dimensional Banach spaces turns out to be false, without
a compactness assumption.

We first report a characterization of noncompact closed bounded sets.

Lemma Let X be a Banach space, C C X a closed, bounded noncompact set.
Then there are € > 0 and a sequence x,, of elements of C' such that

dist (241, span({zo, ..., 2, })) > €. (6)
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PROOF Clearly, X has to be infinite-dimensional, otherwise no such C' exists.
We first show that there is € > 0 such that, for any finite set F' C X,

C'\ [span(F) + Bx(0,¢)] # 0.

If not, for every € > 0 we find a finite set F' C X such that C' C span(F') +
Bx(0,¢). Since C'is bounded, C' C Bx(0,r) for some r > 0. Therefore,

C C [span(F') + Bx(0,¢)] N Bx(0,r) C [span(F) N Bx(0,r +¢)] + Bx(0, ¢).

But span(F') N Bx (0,7 + ¢) is totally bounded, and so it admits a finite cover
of balls of radius e, which in turn implies that C' admits a finite cover of balls
of radius 2¢, that is, C' is totally bounded (hence compact), contradicting the
hypotheses.

To construct the required sequence x,,, we proceed inductively. First we select
an arbitrary zo € C. If we are given z,...,x,1 satisfying (6), we choose

Tpio € C'\ [span({xo, ..., zn11}) + Bx(0,¢)]. o

1.22 Theorem [Klee] Let X be an infinite-dimensional Banach space, C C X
a closed, bounded, convexr noncompact set. Then there exists a continuous map

f:C — C which is fixed point free.

PROOF Let z,, be a sequence in C satisfying (6). Without loss of generality, we
may assume that 0 € C and ||z > . We construct a piecewise linear curve

joining the points g, x1, 22, . .., by setting
o0
I' = U[:Un,xn+1], where |2, Z,11] = co({@n, Tni1})-
n=0

Then I" C C' is closed and can be parameterized by a function v : [0,00) — T,
given by
v(t) = (1 = s)x, + sxpiq

where n = [t] and s =t — n. By means of (6), v is one-to-one, onto and open,
since for every open set O C [0, 00), 7(O) contains the intersection of I" with an
open ball of X of radius v, for some v < e. Hence its inverse y~! : T' — [0, c0)
is a continuous function. Applying a slightly modified version of the Tietze
extension theorem (see, e.g., [7]), we can extend 7! to a continuous function
g : C — [0,00). Now a fixed point free continuous map f : C — C can be
defined as

f(x) =~(g(z) +1).
Indeed, if f(Z) = 7, then 7 € I'. Hence v(y~'(Z) + 1) = v(y~1(7)), against the
injectivity of ~. o

Remark Notice however that Klee’s map f : C' — C' cannot be uniformly con-
tinuous, since the restriction of g on I' is easily seen to be uniformly continuous,
whereas g o f maps the bounded convex set C' onto [1, c0).
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In particular, Theorem 1.22 says that in an infinite-dimensional Banach space X
there is a continuous map f : Bx(0,1) — Bx(0,1) without fixed points. This allow
us to provide another interesting characterization of infinite-dimensional Banach
spaces.

Corollary Let X be an infinite-dimensional Banach space. Then the closed unit
sphere is a retract of the closed unit ball.

PROOF Let f : Bx(0,1) — EX(O,_I) be a continuous fixed point free map.
Extend the map to the doubled ball Bx(0,2) by defining

{ f(z) it flzfl <1

M=V @ pelfe/lal) it 1< o) <2

and consider the new map f, : Bx(0,1) — Bx(0,1) as

folz) = % f1(22).

Observe that f5 is fixed point free, and for all z € OBx(0,1) we have fy(x) = 0.
Then the function r : Bx(0,1) — 0Bx(0, 1) given by

x— fa(2)
Al P ST

is the desired retraction. o

The Markov-Kakutani theorem

The following theorem is concerned with common fixed points of a family of linear
maps.

1.23 Theorem [Markov-Kakutani| Let X be a locally convexr space, and let
K C X be a nonvoid, compact and convexr set. Assume G is a family of bounded
linear operators from X into X such that

(a) G is abelian, that is, TS = ST for every T, S € G;
(b) TK C K for every T € G.
Then there exists * € K such that Tx = x for every T € G.

PROOF For any T' € G and any n € N, define the operator

I+ T+ 4T

T,
n+1

Notice that (b) and the convexity of K imply that

T,.K C K.
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Given TW ..., T® € G and nq,...,n, € N, it follows that

k

(TVK 0.

j=1
Indeed, from (a), for any 7, S € G and any n,m € N,
T,KNS,K>T,S.K =85,T,K # 0.

Invoking the compactness of K, the finite intersection property yields

F= (] T.K#0.

Teg,neN

We claim that every x € F'is a fixed point for all T € G. Let then z € F,
and select any T' € G. Then for every n € N there is y = y(n) € K such that
x =T,y. Hence

Ty+ T+ +T""y  y+Ty+---+T"y
n+1 n+1
Tn+1y_y 1

B n—+1 €n+1(K_K)'

Tz -z =

Thus

T:z—a‘:eﬂnil(K—K).

The set K — K is clearly compact, being the image of K x K under the continuous
map D(xy,x9) = x1 — x9. Let then p be a seminorm on X. Then, for any ¢ > 0,
there is n € N such that

1
n+1

(K—K)c{zeX:px) <e}.

We conclude that p(Tz — z) = 0 for every seminorm on X, which entails the
equality T'x = . o

Remark With no changes in the proof, the results holds more generally if G is

an abelian family of continuous affine maps from K to K. Amap f: C — C, C
convex, is said to be affine if for all x1, 2, € C' and t € [0, 1]

ftry 4+ (1= t)xg) = tf (1) + (1 = 1) f(22).
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The Kakutani-Ky Fan theorem
Along the section, let X be locally convex space.

Definition Let C' C X be a convex set. A function f: C' — (—o0, 0] is said
to be convex if

FOz 4+ (1= N)za) < Af(21) + (1= A) f(22)

for all V 21,25 € X and every A € [0,1]. A function g : C' — [—00, 00) is said to
be concave if —g is convex (it is understood that —(oo0) = —00).

We now recall the well-known definition of lower and upper semicontinuous real
functions.

Definition Let Y be a topological space. A function f:Y — (—o0, 0] is said
to be lower semicontinuous if f~!((a, o0]) is open for every a € R. Similarly,
a function g : Y — [—00,00) is said to be upper semicontinuous if —g is lower
semicontinuous.

It is an immediate consequence of the definition that the supremum of any col-
lection of lower semicontinuous functions is lower semicontinuous. Moreover, if f is
lower semicontinuous and Y is compact, then f attains its minimum on Y. Indeed, if
it is not so, denoting m = inf,cy f(y) € [—00, 0), the sets f~*((a, o0]) with o > m
form an open cover of Y that admits no finite subcovers.

The next result is the famous Ky Fan inequality.

1.24 Theorem [Ky Fan] Let K C X be a nonvoid, compact and convez. Let
®: K x K — R be map such that

(a) ®(-,y) is lower semicontinuous Vy € K;
(b) ®(z,-) is concave YV x € K.

Then there exists xqg € K such that

sup ®(z0,y) < sup D(y,y).
yeK yeK

PROOF Fix € > 0. In correspondence with every x € K there are y, € K and
an open neighborhood U, of x such that

O(z,y,) > sup ®(z,y) — ¢, VzeU,NK.
yeK

Being K compact, for some x4, ..., x, € K there holds

KcCU,U-UU,,.
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Let @1, ..., ¢, € C(K) be a partition of the unity for K subordinate to the open
cover {U,, }, and define

Zcpj yx, VreK.

The map f is clearly continuous, and

fleol{yuys - Yz })) CcO{WYuys - s Yzn })-

Hence by Lemma 1.16 f admits a fixed point £ € K. Therefore,

WP 2 6T 2D D)

yeK
Zgoj (sup ®(zj,y) —¢)

yeK

Vv

v

mf sup P(z,y) —¢
:UEKyGE ( y)

= sup ®(zo,y) — ¢
yeK

for some xg € K. Letting ¢ — 0 we get the desired conclusion. o

The aim of this section is to consider a fixed point theorem for maps carrying
points into sets. Let K C X, and consider a map f: K — 25 :={Y :Y C K}. A
fixed point for f is a point € K such that z € f(z).

Definition The map f is upper semicontinuous if for every x € K and every
open set U D f(z), there exists a neighborhood V' of x such that if y € V' then

fly) CU.

Upper semicontinuous point-closed maps from a compact set K with values in
2K can be characterized in terms of graphs.

Proposition Let K C X be compact, and let f : K — 2K be such that f(x) is
closed for every x € K. Then f is upper semicontinuous if and only if the set

G(f)={(z,y) e K xK:ye f(z)}
1s closed in K x K.

PROOF Let f be upper semicontinuous, and (zg,y) € (K x K) \ G(f). Then
yo & f(xo). Since K is compact, we find two disjoint open sets Uy, Us such that
yo € Uy and f(zq) C Us. By the upper semicontinuity of f, there is an open set
V' 3 zp such that f(x) C U, for all z € V. Thus the neighborhood V' x U; of
(20, yo) does not intersect G(f), which is henceforth closed.

Conversely, let G(f) be closed. Let x be an arbitrary point of K, and U be an
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arbitrary open set containing f(x). If f is not upper semicontinuous at z, for
every neighborhood V' 3 x there is y € V' such that f(y) ¢ U. So we have

G(f) N (V x US) 0.

But G(f) and V x U® are both compact, being closed in K x K, and since the
finite intersection property holds, we conclude that there is (zg,70) € K x K
such that

ZL‘(), yo m G V X UC>
Vox
This implies that zo = x, and since yy € f(zo) = f(z), it follows that y, € U.
Contradiction. o

1.25 Theorem [Kakutani-Ky Fan] Let K be a nonvoid, compact and convex
subset of a locally convex space X. Let f : K — 2K be upper semicontinuous, such
that f(x) is nonvoid, convex and closed for every x € K. Then f has a fized point
T e K.

PROOF If we assume the theorem false, from the Hahn-Banach theorem for every
x € K there are o, € R and A, € X* such that

sup ReA,z < a, < ReA,x.
z€f(x)

The set
U, = {ZEX:Resz<oz$}

is open, and contains f(x). Hence there is an open neighborhood V, of x such
that f(y) C U, whenever y € V, N K. We conclude that there exists an open
neighborhood W, C V, of x such that

Re ALy > ay, Vye W, NK

and

ReA,z < ay,, Vye W,NK, Vze f(y).

From the compactness of K, there exist x1,...,x, € K such that
KcW,u---uWw,,.

Let @1, ..., ¢, € C(K) be a partition of the unity for K subordinate to the open
cover {W,,}, and define ® : K x K — R as

Zgoj JRe Ay, — Z% r)Re Ay, 2.

Clearly, ® fulfills the hypotheses Theorem 1.24. Hence there is xy € K such that

sup ®(xg, z) < sup ®(z,2) =0.
zeK 2€K
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Therefore, for z € f(xy),

Z ©j(To)og,; < Z @j(zo)Re Ay, z0 < Zgoj(azo)Re Az < Zgoj(:co)awj

j=1 j=1 j=1 j=1

which is a contradiction. Notice that in the above sums we have nonzero contri-
butions only for those j for which zq € W,. o

Notes on Chapter 1
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Theorem 1.11 has been proved by Kirk [Amer. Math. Monthly 72, 1004-1006 (1965)], for the more
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2. SOME APPLICATIONS OF FIXED POINT
THEOREMS

The implicit function theorem

2.1 Fréchet differentiability Let X,Y be (real or complex) Banach spaces,
UcX,Uopen,zg€eU,and f:U — Y.

Definition f is Fréchet differentiable at z, is there exists T € L(X,Y) and
o: X — Y, with

lo(@)[ly

—0 uniformly as lz||lx — 0
[E15N

such that
f(z) = f(xo) =T (x — o) + o(x — x0), Vel

The operator T' is called the Fréchet derivative of f at xy, and is denoted by
f'(xg). The function f is said to be Fréchet differentiable in U if it is Fréchet
differentiable at every xg € U.

It is straightforward to verify the Fréchet derivative at one point, if it exists, is
unique.

2.2 Lemma Let X,Y be Banach spaces, let f : Bx(0,7) — Y be Fréchet differ-
entiable and || f'()||(x,y) < A for every x € Bx(0,7) and some A > 0. Then f is
Lipschitz continuous with Lipschitz constant less than or equal to .

PROOF Let x1,29 € Bx(0,r). By the Hahn-Banach theorem, there is A € Y*
of unit norm such that

1f (1) = f(@2)lly = [A(f (1) = f(22))]

For t € [0,1] set
O(t) = Af(tey + (1 — t)xg).

Applying the Lagrange mean value theorem to ®, there is 7 € (0, 1) such that
[Af(z1) = Af(2)] = [©(1) = 2(0)] < [O(7)] = [Af (721 + (1 = 7)) (w1 — 22))|

33
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(the chain holds as in the classical case; if X is real equality holds). Hence

1f (1) = fw2)lly <N f(rar+ (1= 7)z2) (w1 = 22)lly < Allas — 22l x

as claimed. o
2.3 Given two Banach spaces X and Y, the vector space X x Y is a Banach space
with any of the (equivalent) euclidean norms

1/p
)

I )l = (ol + Iyl (2,9 llo0 = max {Jlellx, lyllv} (0> 1),

In the sequel, we will always use the co-norm, so that

Bxxy ((x0,y0),7) = Bx(zo,7) X By (yo, 7).

For XY, Z Banach spaces, given T' € L(X,Z) and S € L(Y,Z), the operator
R: X xY — Z defined by

R(z,y) =Tz + Sy

belongs to L(X x Y, Z). Conversely, any R € L(X x Y, Z), has the above repre-
sentation with Tx = R(x,0) and Sy = R(0,y). It is then immediate to see that
L(X,Z) x L(Y,Z) and L(X x Y,Z) are isomorphic Banach spaces. Given then
f:UCXxY — Z U open, f Fréchet differentiable at uy = (x¢,y0) € U,
one easily checks that the partial derivatives D, f(uo) and D, f(u) exist (that is,
the Fréchet derivatives of f(-,y0) : X — Z in xy and of f(xg,) : ¥ — Z in yo,
respectively), and

f'(uo)(z,y) = Dy f(uo)(x) + Dy f(uo)(y).

2.4 Theorem [Dini] Let X,Y,Z be Banach spaces, U C X XY be an open set,
uy = (xo,%) € U, and F : U — Z. Assume that

(a) F is continuous and F(ug) = 0;
(b) DyF(u) exists for every u = (x,y) € U;
(¢) DyF is continuous at ug and Dy F(ug) is invertible.

Then there exists a, 8 > 0 for whicﬁ?x(aso,a) X By(yo,3) C U and a unique
continuous function f : Bx(xg,a) — By (yo, 3) such that the relation

F(z,y) =0 = y = f(x)

holds for all (x,y) € Bx(xo,a) x By (yo, 3).
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PROOF Without loss of generality, we assume zy = 0 and yg = 0. Define
®(z,y) =y —[D,F(0,0] ' Flz,y), (z,y)€U.
By (a) ® is continuous from U into Y. Since
[Dy®(0,0)]"" (Dy®(0,0) — Dy®(2,y)),

by (c) there is v > 0 small enough such that
1
Hqu)(:ay)HL(Y) < 57 V(l’,y) € BX(QV) X BY(Oaﬁ)/) cU.

Thus Lemma 2.2 and the continuity of ® entail the inequality

1
12(@,51) = @z, 92)lly < Sllyr —w2lly. Mzl lyadly, lyelly <8 <.

Using now (a), we find 0 < a < 3 such that
P < s <
1€z 0lly =5, llzllx <e

Then, for ||z]|x < a and |ly|y < 8,
1
9 5)ly < 190}y + [B(z,) — 0.0}y < (3-+ ) < 8.

Therefore the continuous map ® : By (0, a) x By (0, 3) — By (0, 3) is a contrac-
tion on By (0, 8) uniformly in By (0, a). From Corollary 1.4, there exists a unique
continuous function f : Bx(0,a) — By (0, 8) such that ®(x, f(z)) = f(z), that
is, F'(z, f(x)) = 0. o

Obviously, the thesis still holds replacing in the hypotheses closed balls with
open balls.

Corollary Let the hypotheses of Theorem 2.4 hold. If in addition F is Fréchet
differentiable at uy = (zo,yo), then f is Fréchet differentiable at xy, and

f'(w0) = = [DyF(uo)] "' Do F (up).

PROOF Applying the definition of Fréchet differentiability to F'(z, f(x)) at the
point (xo, f(zo)), we get

0 = Do F(uo)(x — o) + Dy F(uo)(f(x) = f(20)) + oz — 0, f(2) — f(20)).
Notice that the above relation implies that f is locally Lipschitz at x,. Hence
lo(z — @0, f(x) — f(20))ll2

—0 uniformly as |z — zol|x — 0
[l = ollx

which yields the thesis. o
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A consequence of Theorem 2.4 is the inverse function theorem.

Theorem Let X,Y be Banach spaces, V CY open, ygo € V. Let g: V — X be
Fréchet differentiable in a neighborhood of yo, g(yo) = xo, ¢ continuous at yo,
and ¢'(yo) tnvertible. Then there are o, 3 > 0 and a unique continuous function
f : Bx(zo,a) — By(vo,03) such that x = g(f(x)) for every x € Bx(xo, ).
Moreover, f is Fréchet differentiable at xo and f'(x¢) = g(yo) ™ .

PROOF Apply Theorem 2.4 and the subsequent corollary to F'(z,y) = g(y) — z,
keeping in mind the considerations made in 2.3. o

Theorem 2.4 can also be exploited to provide an alternative proof to the well-
known fact that the set of invertible bounded linear operators between Banach spaces
is open.

Theorem Let X,Y be Banach spaces, and let Lys(X,Y) C L(X,Y) be the set
of invertible bounded linear operators from X onto Y. Then L (X,Y) is open
in L(X,Y). Moreover, the map T — T~ is continuous.

PROOF Let F': L(X,Y) x L(Y,X) — L(X) defined by F(T,S) = Iy — TS.
Let Ty € Lyeg(X,Y), and set Sy = T, '. Notice that Dg(T,S)(R) = —TR. In
particular, Dg(Tp, So)(R) = —TyR. Then the hypotheses of Theorem 2.4 are
satisfied; therefore there is a continuous function f : Bpxy)(To, o) — L(Y, X)
such that Iy — T'f(T) = 0, that is Tf(T) = Iy. Analogously, we can find a
continuous function f; : Brxy)(To,a) — L(Y,X) (perhaps for a smaller «)
such that fi(T)T = Ix. It is straightforward to verify that f = f;, that is,
f(T) =T 'foral T e BL(X,Y) (T(), O./). &

2.5 Location of zeros Let X,Y be Banach spaces, and f : Bx(zo,7) — Y be
a Fréchet differentiable map. In order to find a zero for f, the idea is to apply an
iterative method constructing a sequence x,, (starting from xy) so that z, is the
zero of the tangent of f at z,. Assuming that f'(z)~! € L(Y, X) on Bx(xo,), one
has

Tni1 = 2 — f'(20) 7 ) (1)
provided x,, € Bx(xo,r) for every n. This procedure is known as the Newton method.
However, for practical purposes, it might be complicated to invert f’ at each step.
So one can try the modification

Tt = Tn — f(20) " f(n). (2)

Clearly, using (2) in place of (1), a lower convergence rate is to be expected.
The following result is based on (2).

Theorem Let X,Y be Banach spaces, and f : Bx(xo,7) — Y be a Fréchet
differentiable map. Assume that, for some X\ > 0,

(a) f'(zo) is invertible;
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(0) 1 () = f'(zo)lLixyy < Alle = ollx, V2 € Bx(wo,7);
(¢) =AM (o) " Ty 1f (o) Iy < 1

(d) s:= 2] f'(z0) Ml I (zo)lly <.

Then there exists a unique T € Bx(xo,5) such that f(z) = 0.

PROOF Define ® : Bx(rg,s) — X as ®(x) = x — f'(x0) "' f(z). Then

- - H
19" (@) Lexy < N1 (o) Hleolf (x0) = £/ (@) lnixyy < Asllf (w0) Hlnx) = 5
Hence & is Lipschitz, with Lipschitz constant less than or equal to p/2 < 1/2.

Moreover,

1@ (x0) — zollx < I (w0) v ILf (zo)lly = g

which in turn gives
s
[ () = zollx < [|P(x) = (o)l x + [|P(20) — 2ollx < %IIan —wollx +5 < 5.

Hence @ is a contraction on Bx(z9,5). From Theorem 1.3 there exists a unique
Z € Bx(xo, s) such that ®(z) = z, which implies f(z) = 0. o

Concerning the convergence speed of x, to Z, by virtue of the remark after
Theorem 1.3, we get

n

_ Sp
Ty —Tllx < ——M.

Also, since
Tnr =T = f'(w0) 7 (f'(20) — f'(wn))(wn — T) + o(|J2n — Z]|x)
it follows that
[ 201 — Z]x = gll:cn — Z|x + ollJxn — Z[[x).
Hence
[#nt1 — Zllx < cllzn — 7([x
for some ¢ € (0,1). for all large n. This is usually referred to as linear convergence

of the method.

Remark If we take u < 2, and we assume that f’ is Lipschitz continuous on
Bx (zo,r) with Lipschitz constant A, we can still obtain the thesis with an entirely
different proof (see, e.g., [2], pp.157-159), exploiting the iterative method (1).
In this case we get the much better estimates

B s /2
Jon = allx < 32(5)
and
Hxn-i-l - "Z‘HX < CHxn - f”%(

for some ¢ > 0 (i.e., we have quadratic convergence).
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Ordinary differential equations in Banach spaces

2.6 The Riemann integral Let X be a Banach space, I = [a, ] C R. The
notion of Riemann integral and the related properties can be extended with no
differences from the case of real-valued functions to X-valued functions on I. In
particular, if f € C(I,X) then f is Riemann integrable on I,

‘ /jf(t)dt

%/ f)dy=f(t), Vtel

B
< t dt
< / 10

and

Recall that a function h : I — X is differentiable at to € I if the limit
()~ b)
t—to t—1to

exists in X. This limit is the derivative of & at to, and is denoted by '(to) or Lh(ty).
If ty € (o, B) we recover the definition of Fréchet differentiability.

It is easy to see that if A/(t) = 0 for all ¢ € [«, 5], then h(t) is constant on
[a, B]. Indeed, for every A € X* we have (Ao h)'(t) = A'h(t) = 0, that implies
A(h(t) — h(a)) = 0, and from the Hahn-Banach theorem there is A € X* such that
A(h(t) = h(a)) = [[A(t) = h(@)]];

2.7 The Cauchy problem Let X be a Banach space, U C R x X, U open,
uy = (to,z0) € U, f: U — X continuous. The problem is to find a closed interval
I, with ty belonging to the interior of I and a differentiable function = : I — X such

that ,
{ ()= ft,z(t), tel (3)

x(tg) = wo.
It is apparent that such z is automatically of class C! on I. Also, it is readily seen
that (3) is equivalent to the integral equation

o) =m+ [ )y, tel. (1)

Namely, x is a solution to (3) if and only if it is a solution to (4).
2.8 Theorem [Local solution] Assume the following hypotheses:
(a) f is continuous;
(b) The inequality
[f(t21) = f(E, o) llx S E@)ller —22llx, V(5 21), (L 22) €U
holds for some k(t) € [0, c0];
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(¢) k€ L*((to — a,to + a)) for some a > 0;
(d) There exist m > 0 and Bgxx(uo,s) C U such that

“f(twr)HX <m, V(t,:)ﬁ) GERX)((U(),S).

Then there is 79 > 0 such that, for any ™ < 7y, there exists a unique solution
r € CY(I,, X) to the Cauchy problem 2.7, with I, = [ty — T,to + T].

Remark Notice first that from (b), since U is open, k is defined in a neighbor-
hood of zero. If k is constant then (c)-(d) are automatically satisfied. Indeed,
for (z,t) € Bryxx(ug,s), we have

It 2)llx <ks+ max |[f(t zo)lx.
‘t—to‘gs

Also, (d) is always true if X is finite-dimensional, for closed balls are compact.
In both cases, setting

So = sup{o > 0: Bryxx(ug,0) C U}
we can choose any s < sg.

PROOF Let r = min{a, s}, and set

) r
To = min {7", —}.
m
Select then 7 < 79, and consider the complete metric space Z = EC(IT, x) (2o, 7)
with the metric induced by the norm of C'(I,, X) (here zg is the constant function

equal to x¢). Since 7 < r, if € Z then (¢, 2(t)) € Brxx(ug,r) C U forallt € I,.
Hence, for z € Z, define

F(z —930+/fy, ) dy, tel,.

Observe that

sup |F()0) ol < sup | [ 11020y < <
telr

We conclude that F' maps Z into Z. The last step is to show that F™ is a
contraction on Z for some n € N. By induction on n we show that, for every
tel,,

|F™(2)(t) = F™ ()t ||X<_’ /

|Z1 —ZzHCI X))+ (5)
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For n = 1 it holds easily. So assume it is true for n — 1, n > 2. Then, taking
t >ty (the argument for ¢ < ¢, is analogous),

[E7 (1) () = F"(22) ()] x
= [FE" (20))(t) = F(F" " (22)) (B)llx

S/t 1/ (y, F = (20)(y) = fy F™ 7 (z2) (9)) | xdy

< / ) I F (1) () — F () (9) | xly

to

1 t y n—1
< — k k(w) d d —
=~ (n—1) [/to (EJ)(/tO (w) w> y] |21 Z2HC(]T,X)
1 t n
- _|</ k(y) dll) 21 — 22ller, x)-
n!\ Ji,

Therefore from (5) we get

1
[F"(21) = F™"(22)llca,,x) < S BTy llz = z2llea, x)
nl

which shows that for n big enough £ is a contraction. By means of Corollary 1.5,
we conclude that F' admits a unique fixed point, which is clearly the (unique)
solution to the integral equation (4) and hence to (3). o

2.9 Proposition [Continuous dependence] The solution to the Cauchy prob-
lem 2.7 depends with continuity on the initial data.

PROOF Assume that z; € C(I;, X) are two solutions to (3) with initial data z;
(7 = 1,2). Setting x = x1 — x5 and zg = xo; — Tg2, from (b) we get

lz@)]lx < llwollx + ’ /t:/f(y)\lx(y)l\x dy|,  Vtel. (6)
The positive function
o) = lal o || [ 1) |
0
satisfies the equation
o) =l +| [ bpeti ), veer, )
0

By comparing (6) with (7), we conclude that

o0l < leallx oo | / k() af|. veer 0



ORDINARY DIFFERENTIAL EQUATIONS IN BANACH SPACES 41
Indeed, defining ¢ = ||z||x — ¢, addition of (6) and (7) entails

w0 st~ ) [ Kwl)dy,  viet.

to

Let us show that the above inequality implies ) < 0 on [tg, to + p| for any p < 7,
an thus on [to,to + 7) (the argument for (fo — 7] is the same). Choose n big
enough such that

t0+(j‘;1)ﬁ

/ k(y) dy < 1, Vj=0,1,...,n—1.
t

ip
o+,

To finish the proof, we use an inductive argument. Suppose we proved that
¥ < 0 on [ty,tg + jp/n| for some j < n — 1, and let t* be such that

(") = max {¢(t) 1 t € [to+ jp/n,to+ (j + 1)p/n] }.

Then

o4 U2

b(t) < / E(y)ly) dy < 0(t°) / k(y) dy.

ir
to t0+7

So if 1 (t*) is strictly positive, we may cancel ¥(¢*) in the above inequality, getting
that the integral exceeds 1. Therefore ¢ < 0 on [tg,to + (j + 1)p/n]. o

Remark The implication (6)=-(8) is known as the Gronwall lemma, which can
also be proved via differential techniques.

2.10 Theorem [Global solution] Let U = («a,5) x X. Assume (a) and (b) of
Theorem 2.8, and replace (c) with

(¢') k€ L((e, 8)).

Then there exists a unique solution v € CY(I,X) to the Cauchy problem 2.7, for
every I C (a, ).

PROOF Proceed like in the proof of Theorem 2.8, taking now Z = C(I, X). The
details are left to the reader. o

When f is merely continuous and fulfills a compactness property, it is possible to
provide an existence result, exploiting the Schauder-Tychonoff fixed point theorem.

2.11 Theorem [Peano] Assume f be a continuous function, and f(V') be rel-
atively compact in X for some open neighborhood V- C U of ug. Then there exists
7 > 0 such that there is a (possibly nonunique) solution x € C*(I,, X) to the Cauchy
problem 2.7, with I, = [to — 7,10 + 7).
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PROOF Choose r > 0 such that Bgyx(u,7) C V, and let

m = sup {||f(t,z)||x : (,t) € Brxx(uo,7)}

Finally, set 7 = r/m. With the same notation of the proof of Theorem 2.8, F'
maps the closed and convex set Z = B¢(r, x)(uo,7) into itself. Moreover, F is
continuous, since for z,,z € Z,

sup [|[F(z) (1) = F(2) (1) x < /;W 1y, 2(y)) = (Y, 2(y)) || xdy

tel, or

which vanishes as z, — 2, due to the dominated convergence theorem. The
Cauchy problem 2.7 has a solution if F' has fixed point, which is guaranteed by
Theorem 1.18 once we show that F'(Z) is relatively compact. To establish this
fact, we appeal to the Ascoli theorem for X-valued continuous functions (see,
e.g., Theorem 0.4.11 in [4]). First we observe that F(Z) is an equicontinuous
family, since for any z € Z and t1,t5 € I,

S m|t1 — t2|

\wuwn—F@wmquZfﬂwawwy

X

Next we prove that, for every fixed ¢t € I, |,., F(2)(t) is relatively compact.
From the hypotheses, there is a compact set K C X such that f(y,z(y)) € K
forall y € I. and all z € Z. Let H = co(K). It is well-known that in a
Banach space the convex hull of a compact set is relatively compact (see, e.g.,
[14], Theorem 3.25). Then, for a fixed ¢t € I and every z € Z we have

F@@Z%+[f%d%@ﬁﬂﬁ@—mﬁ

which is compact. Indeed, ftto f(y,z(y)) dy is the limit of the Riemann sums
(t —to) >, flyi, 2(vi))(yi — yi—1)/(t — to). Hence Theorem 1.18 applies, and the
thesis follows. o

Definition The Peano theorem is said to hold in a Banach space X if for an
arbitrary continuous function f and an arbitrary xq € X the Cauchy problem 2.7
admits a solution x(¢) in some neighborhood of .

It is clear from Theorem 2.11 that if X is finite-dimensional the Peano theorem

holds, since finite-dimensional Banach spaces have the Heine-Borel property. What
about infinite-dimensional Banach spaces? Let us examine a famous counterexample
to the existence problem.

2.12 Example [Dieudonné| Take the Banach space ¢y with the supremum norm
and define the function f : ¢ — cg by

1
(f(x)), = \xn\+1+—n, for x = (zg, 1, x2,...) € co.
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Consider the Cauchy problem

Due to uniform continuity of the real map s — \/|_s] , [ is uniformly continuous on
co. Assume now that the Cauchy problem admits a solution y € C''((—¢,¢), ¢o) for
some ¢ > 0. In particular, each component y,, is differentiable in (—¢,¢) and fulfills
the Cauchy problem

1
' (t |+ —— te (-
{m) O+ . te(-ee)
yn(0) = 0.
Then y,(t) > 0 for t € (0,¢), and

2 yn(t) -

log< y"<t>+1—|1—n>+ 2 log( ! )zt, Vite(0,¢).

1+n 14+n 14+n

On the other hand, y(t) € ¢y, that is, lim, . y,(t) = 0. Therefore the limit as
n — oo of the left-hand side of the above equality must be 0 for all ¢ € (0,¢e). This
is a contradiction, and we conclude that no such solution y exists.

In fact, it has been shown quite recently that the Peano theorem provides a
characterization of finite-dimensional Banach spaces, namely,

2.13 Theorem [Godunov] If the Peano theorem holds in a Banach space X,
then X is finite-dimensional.

Semilinear equations of evolution

2.14 Strongly continuous semigroups Let X be a Banach space. A one-
parameter family S(¢) (¢ > 0) of bounded linear operators on X is said to be a
strongly continuous semigroup (Co-semigroup, for short) if

(a) S(0) =1 (identity operator on X);
(b) S(t+s) = S(t)S(s) for every t,s > 0;
(c) PII(l) S(t)x = x for every x € X (strong continuity).

As a quite direct application of the uniform boundedness theorem, there exist w > 0
and M > 1 such that

1S®)|lnx) < Me*',  ¥it>0.

This in turn entails the continuity of the map t — S(t)z from [0, 00) to X, for every
fixed z € X (cf. [9]).
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The linear operator A of domain

t—0

D(A) = {:c e X: limw exists}

defined by

Amzlimw, Ve DA

t—0

is the infinitesimal generator of the semigroup S(t).
We now recall some basic facts on A (see, e.g., [9]).

Proposition A is a closed linear operator with dense domain. For every fized
x € D(A), the map t — S(t)x belongs to C*(]0,00), D(A)) and

d
ES(zﬁ)x = AS(t)x = S(t)Ax.

2.15 We consider the following semilinear Cauchy problem in X:

o' (t) = Ax(t) + f(t,z(t)), 0<t<T 9
{x(O):xOEX. 9)

where A is the infinitesimal generator of a strongly continuous semigroup S(t), and
f:1]0,T] x X — X is continuous and uniformly Lipschitz continuous on X with
Lipschitz constant A > 0.

Definition A function z : [0,7] — X is said to be a classical solution to (9) if
it is differentiable on [0, 7], z(t) € D(A) for every ¢t € [0,T], and (9) is satisfied
on [0,7].

If x is a classical solution, it is necessarily unique, and it is given by

x(t) = S(t)xo —l—/o S(t—s)f(s,x(s))ds. (10)

This can be easily proved integrating in ds on [0, ¢] the derivative with respect to s of
the (differentiable) function S(t—s)z(s) and using (9). Notice that above (Riemann)
integral is well-defined, since if x € C([0,7],X) the map t — f(t,z(t)) belong to
C([0,T], X) as well (see 2.6). Of course, there is no reason why there should exist a
classical solution for a certain initial value zy. However, formula (10) makes sense
for every zy € X. This motivates the following definition.

Definition A function x : [0,7] — X is said to be a mild solution to (9) if it
continuous on [0, 7] and fulfills the integral equation (10).

Theorem For every xog € X the Cauchy problem (9) has a unique mild solution.
Moreover the map xo — x(t) is Lipschitz continuous from X into C([0,T], X).
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PROOF For a given xy € X define the map F': C([0,7],X) — C([0,T], X) by

F(x)(t) = S(t)xo + /0 S(t—s)f(s,x(s))ds.
Then we have

[1F(x)(t) = F(y)D)lx < AMt||z = yllegor.x)

where M = supco 7 [1S(t)||l(x)- By an inductive argument, analogous to the
one used in the proof of Theorem 2.8, we get

172 @0 - @l < X e oo o

Hence for n € N big enough F™ is a contraction, so by Corollary 1.5 I’ has a
unique fixed point in C([0,77], X) which is clearly the desired mild solution to
the Cauchy problem (9).

To complete the proof, let y be the unique mild solution corresponding to the
initial value yo. Then

() —y()llx < Ml[zo — yollx + AM/O [2(s) = y(s)llx ds.

By the Gronwall Lemma (cf. Proposition 2.9), we get at once
lz(t) —y(t)|x < MM T||zg —yollx,  Vte0,T]

which entails the Lipschitz continuity of the map xy — x(t) o

An abstract elliptic problem

Let X, V be Banach spaces with compact and dense embeddings V' — X — V*.
Assume we are given a bounded linear operator A : V' — V* and a (nonlinear)
continuous map B : X — V* which carries bounded sets into bounded sets, such
that

(Au,u) > e||ull}, VueV (11)

and
(B(u),u) > —c(1+||ul|}), VueX (12)

for some € > 0, ¢ > 0 and « € [0, 2), where (-, -) denotes the duality pairing between
V*and V.

Problem Given g € V*, find a solution uw € V' to the abstract equation

Au+ B(u) = g. (13)



46 2. SOME APPLICATIONS OF FIXED POINT THEOREMS

For v € X, let w be the solution to the equation
Aw = g — B(v).

From (11) A is injective onto V*, and by the open mapping theorem, A~! is a
bounded linear operator from V* onto V. Therefore

w=A"Yf—-B)) eV.

Define then the map f : X — X as f(v) = A7'(g — B(v)). Notice that f is
continuous and compact. Suppose then that, for some A, there is u, such that
uy = Af(uy). This means that u, solves the equation

Auy + AB(uy) = Ag.

Taking the duality pairing of the above equation and uy, and exploiting (11)-(12),
we get
ellualli < A1+ [lualls) + Allg|

Vx U/)\”V

Recalling now that A € [0, 1], and using the Young inequality
ab < va” + K(v,p)b? (a,b>0,v>0)

where K(v,p) = (vp)~9Pq~' (1 < p, ¢ < 00, 1/p+ 1/q = 1), we find the a priori
estimate

2 a1
huallf < = (e + K(e/4,2/a) /= + ~|lg]-).

A direct application of Theorem 1.20 entails the existence of a fixed point u for f,
which is clearly a solution to (13). Notice that the solution might not be unique.

Example Let Q C R? be a bounded domain with smooth boundary 9. Find
a weak solution to the nonlinear elliptic problem

—Au+u’ =g
Ulpn = 0.

In this case V = H}(Q), X = L°(Q), and g € Hj(Q)* = H Q) (see, e.g.,
[1, 5] for the definitions and the properties of the Sobolev spaces Hj and H '
in particular, we recall that the embedding H](2) < L°(Q) is compact when
Q C R?). Then A = —A and B(u) = u® are easily seen to fulfill the required
hypotheses.

The invariant subspace problem

The invariant subspace problem is probably the problem of operator theory. The
question, that attracted the attention of a great deal of mathematicians, is quite
simple to state. Given a Banach space X and an operator T € L(X), find a closed
nontrivial subspace M of X (i.e., M # X and M # {0}) for which TM C M. Such
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M is said to be an invariant subspace for T'. It is known that not all continuous
linear operators on Banach spaces have invariant subspaces. The question is still
open for Hilbert spaces.

The most general, and at the same time most spectacular, result on the subject,
is the Lomonosov theorem, that provides the existence of hyperinvariant subspaces
for a vast class of operators. The proof is relatively simple, and the role played by
the Schauder-Tychonoff theorem is essential. In order to state the result, we need
first a definition.

Definition Let X be a Banach space. An invariant subspace M for T € L(X)
is said to be hyperinvariant if it is invariant for all operators commuting with T
(that is, for all 77 € L(X) such that 77" =T'T).

Remark If T € L(H) is nonscalar, i.e., is not a multiple of the identity, and it
has an eigenvalue A, then the eigenspace M corresponding to A is hyperinvariant
for T. Indeed, if x € M and 7" commutes with T, we have that

N =TTe =TT z.
Therefore 7'z € M.

2.16 Theorem [Lomonosov]| Let X be a Banach space. Let T € L(X) be a
nonscalar operator commuting with a nonzero compact operator S € L(X). Then T
has a hyperinvariant subspace.

We anticipate an observation that will be used in the proof.

Remark Let S € L(X) be a compact operator (cf. Definition 1.19). If A # 0 is
an eigenvalue of S, then the eigenspace

F:={reX:Sx=\}

relative to A has finite dimension. Indeed, the restriction of S on F'is a (nonzero)
multiple of the identity on F', and the identity is compact if and only if the space
is finite-dimensional.

PROOF We proceed by contradiction. Let A be the algebra of operators com-
muting with 7". It is immediate to see that if 7" has no hyperinvariant subspaces,
then Az = X for every z € X, z # 0.

Without loss of generality, let [|S||zxy < 1. Choose then zy € X such that
| Szl > 1 (which implies ||zo|| > 1) and set B = Bx(z9,1). For € SB (notice
that x cannot be the zero vector), there is 77 € A such that |7z — x| < 1.
Hence every x € SB has an open neighborhood V, such that 7"V, C B for some
T' € A. Exploiting the compactness of SB, we find a finite cover Vi, ..., V, and
T],...,T) € A such that

T]{V}CB, Vi=1,...,n.
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Let ¢1,...,¢, € C(SB) be a partition of the unity for SB subordinate to the
open cover {V;}, and define, for = € B,

fl) =Y 0;(S2)T;Sw.

=1

Then f is a continuous function from B into B. Since T}S is a compact map for
every j, it is easily seen that f(B) is relatively compact. Hence Theorem 1.18,
yielding the existence of Z € B such that f(Z) = z. Defining the operator 7' € A
as

T=> ¢i(S2)1}
j=1

we get the relation B

TSz =1=.
But TS is a compact operator, hence the eigenspace F' of TS relative to the
eigenvalue 1 is finite-dimensional. Since T'S commutes with 7', we conclude
that F' is invariant for 7', which means that T has an eigenvalue, and thus a
hyperinvariant subspace, contrary to our assumption. o

Measure preserving maps on compact Hausdorff spaces

Let X be a compact Hausdorff space, and let P(X) be the set of all Borel probability
measures on X. By means of the Riesz representation theorem, the dual space of
C(X) can be identified with the space M (X) of complex regular Borel measures on
X. Recall that the norm |||| of an element p € M (X)) is given by the total variation
of p. It is straightforward to check that P(X) is convex and closed in the weak*
topology. Moreover, P(X) is weak® compact. Indeed, it is a weak* closed subset of
the unit ball of M (X)), which is weak* compact by the Banach-Alaoglu theorem.

Definition Let p € P(X). A p-measurable map f : X — X is said to be
measure preserving with respect to p if u(B) = u(f~'(B)) for every Borel set
B C X. Such p is said to be an invariant measure for f.

Notice that, if f is a g-measurable map, the measure fu defined by
fu(B) = u(f(B)), V Borel set B

belongs to P(X). In particular, if f is continuous (and therefore measurable with
respect to every u € P(X)), we have a map f : P(X) — P(X) defined by p+— fpu.
In addition, applying the monotone convergence theorem to an increasing sequence
of simple functions, it is easy to see that

/ng(fu)z/XQOfdu, VgeOX).
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Lemma Assume f : X — X be continuous. Then the map f : P(X) — P(X)
18 continuous in the weak™ topology.

PROOF Let {u,},er € P(X) be a net converging to some p € P(X). Then, for
every g € C(X),

i [ g () =t [ gofdn = [ gofdu= [ g

el X

which entails the claimed continuity. o

We are now interested to find elements of P(X) that are invariant measures for
f. This is the same as finding a fixed point for the map f.

Theorem Let f : X — X be a continuous map. Then there exists p € P(X)
for which f is measure preserving.

PROOF On account of the above discussion, f is a continuous map of a compact
convex subset of M(X) into itself, and the existence of a fixed point is then
guaranteed by Theorem 1.18. o

Clearly, the invariant measure for f might not be unique. In particular, notice
that if = is a fixed point for f, then the Dirac measure ¢, is invariant for f.

Invariant means on semigroups

Let S be a semigroup, that is, a set endowed with an associative binary operation,
and consider the (real) Banach space of all real-valued bounded functions on S,
namely,

(<(8) = {f :8 = R |f]l = sup| f(s)| < o0}

An element f € £°°(S) is positive if f(s) > 0 for every s € S. A linear functional
A 0>°(S) — Ris positive if Af > 0 for every positive element f € ¢*°(S). We agree
to denote a constant function on S by the value of the constant.

We now recall a result that actually holds for more general situations.

Lemma Let A € (°(S)*, with |A|| = Al = 1. Then A is positive.

PROOF Assume not. Then there is f € (>(S), f > 0, such that Af = 3 < 0.
For € > 0 small, we have

[ Sug|1 —ef(s)| <L
EIS

Hence
Il<l—-ef<[l-ef|=[A1-cf)|<|1-cf] <1

leading to a contradiction. o
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If t € S, we can define the left t-translation operator L, : £°(S) — £>°(S) to be
(Lef)(s) = flts),  VseS.

In an analogous manner, we can define the right t-translation operator R;.

Definition A (left) invariant mean on S is a positive linear functional A on
0>°(S) satisfying the following conditions:

(a) Al =1,

(b) A(Lsf) = Af for every s € S and every f € £>(S).

When such a functional exists, S is said to be (left) amenable.

Clearly, we can give the above definition replacing left with right or two-sided.
The distinction is relevant if S is not abelian.

2.17 Example [Banach] Let S = N. Then ¢*(N) = ¢>°. An invariant mean in
this case is called a Banach generalized limit. The reason is that if A is an invariant
mean on N and z = {z,, }neny € £ is such that lim, .., z, = a € R, then Az = «.
Indeed, for any € > 0, we can choose ng such that a + ¢ < z, < a + ¢ for every
n > ng. Hence, if we define y = {y, }neny € €° by Yy = Tpin,, we have Az = Ay,
and

a—c=Na—¢)<Ay<Ala+e)<a+e

which yields the equality Az = «. To prove the existence of an invariant mean, one
has to consider the subspace M of > given by

@t
== {a}en € 07 Jim 0T
M {x {Tn}nen Jim —————

=q, € R}
and define the linear functional Ag on M as Agz = «,. Setting for every x € ¢
() = limsup 22T

it is then possible, by means of the Hahn-Banach theorem, to extend A( to a func-
tional A defined on the whole space, in such a way that —p(—xz) < Az < p(x) for
every x € (*°. In particular, A is continuous. A remarkable consequence of this fact
is that not every continuous linear functional on /> can be given the representation

)
{xn}nGN = Z CpnTn
n=0

for some numerical sequence ¢,. Indeed, for every k € N, taking ey = {J,k fnen, we
have Ae;, = 0. Hence if A has the above representation, all the ¢, must be zero, i.e.,
A is the null functional, contrary to the fact that A1 = 1.

The next result, based on the Markov-Kakutani theorem, provides an elegant
generalization of Example 2.17.

2.18 Theorem [Day| Let S be an abelian semigroup. Then S is amenable.
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PROOF Denote
K={Aet>(S)":||A| =A1=1}.

In particular, if A € K then A is positive. K is convex, and from the Banach-
Alaoglu theorem is compact in the weak* topology of ¢°(S)*. We define the
family of linear operators Ty : £>°(S)* — (>*(9)*, s € S, as

(TSA>(f) :A(Lsf)a v f GZOO(S)

First we show that T is continuous in the weak* topology for every s € S. Of
course, it is enough to show the continuity at zero. Thus let V' be a neighborhood
of zero of the local base for the weak* topology, that is,

V={Ael®(S):|Afi|<e,j=1,...,n}
for some €1,...,e, > 0and fi,..., f, € £>°(S). Then
TV) = {Ae Sy (TN <epni=1,...,n}
= {Ael>(S) |ALyfj)| <ejj=1,...,n}

is an open neighborhood of zero as well.
The second step is to prove that T, K C K. Indeed,

(TsA)(1) = A(Lsl) = A1 =1
and

ITAN = sup [(TA)(f)] = sup AL < sup [Af] = [IA]l = 1
Ifl<1 lfl<1 lFl<1

since || L, f[| < || f1I

Finally, for every s,t € S,

T,LA=T;(AoLy) =AoLioLs=AoLy=Ao Ly =T,T:A.

Hence by Theorem 1.23 there is A € K such that T;A = A for every s € S, which
means that A(Lsf) = Af for every s € S and every f € £>°(S). o

Haar measures

2.19 Topological groups A topological group is a group G endowed with a
Hausdorft topology that makes the group operations continuous; namely, the map
(x,t) — xy~! is continuous for every z,y € G.

For any y € G the maps x — zy, x — yz, and x — 2~ are homeomorphisms
of G onto GG. Hence the topology of G is uniquely determined by any local base
at the identity element e. Indeed, if U is a neighborhood of some x € G, the sets
2U ={zy:y €U} and Uz = {yx : y € U} are neighborhoods of e.

The next topological lemma will be used in the proof of the main result of the
section.

1
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Lemma Let G be a compact topological group, and let K1, Ko C G be disjoint
compact sets. Then there exists an open neighborhood U of e such that no trans-
late of U meets both K1 and Ks.

PROOF Let O C G be an open set such that O D K; and ON K, = (). For every
x € K1, 710 € U. Using the continuity of the group operations, select U, € U
such that U, = U ! and U,U,U, C 27O, and let V, = U, NU,z. Since V, € U,
it follows that J,. Kk, Ve 1s an open cover of K, and by compactness there are
ry,...,x, € K; such that Ky C |J;_, V;,. Finally define

U:ﬁvxieu.

Assume now that some translate of U meets both K; and K. Then there are
ky € Ky and ky € K5 such that either ky = kyju=t'v or v 'vky = ky for some
u,v € U. Let us examine the first case (being the second analogous). We have
that ky € V,, C a;U,, for some i € {1,...,n}. Hence

ky € 2,U,,U'U C 2;U,, (v,U,,) U, = 2,U,, U, U, C w27 'O C O
which is a contradiction. o

Notice that the proof holds in fact for locally compact topological groups.

2.20 Definition Let G be a compact topological group. A Haar measure on G
is a regular Borel probability measure p which is simultaneously left invariant, i.e.,

/f ) dp(x /fyx du(x Vyedq, feC(Q) (14)

and right tnvariant, i.e.,

/f ) dp(x /fafy dp(x Vyed, fel(G) (15)
and satisfies the relation

/f ) dp(x /f D du(x V fe0q). (16)

It is readily seen that a Haar measure on G, if it exists, is unique. Indeed, if p
and v are two Borel probability measures on G, with p left invariant and v right
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invariant, for every f € C'(G) the Fubini theorem yields

/G F(o) du(z) = /G F(yz) du(x)

forcing the equality p = v.

2.21 Theorem Let G be a compact topological group. Then there exists a unique
Haar measure on G.

PROOF By means of the above uniqueness argument, it is enough to prove the
existence of two regular Borel probability measure p and v satisfying (14) and
(15), respectively. Then (16) follows at once for if 4 is a Haar measure on G, so

is v defined by dv(x) = du(z™1).

We then proceed by proving the existence of p (the proof for v being the same).
Let I be the family of compact subsets of G, and U be the family of open
subsets of G' containing e. If K € K and U € U, we can always cover K by a
finite number of translates of U. We define the covering number [K : U] of K by
U the smallest number of translates of U required to cover K. For every K € K,
we introduce the normalized covering ratio

vUeclU.

It is immediate to verify that 0 < {x(U) < 1, &k, (U) < €k, (U) for Ky C Ko,
and £, x(U) = Ex(U) for all x € G. Moreover, if K, Ky € K are disjoint sets,
exploiting the lemma we find U € U such that no translate of U meets both K;
and K,. Hence any covering of K; U K, by translates of U is the disjoint union
of coverings of K7 and K5. The same holds replacing U with any V e U, V C U.
Thus

Ekior,(V) =&, (V) + €, (V), VYV eU,V CU. (17)

Notice that (U,N) is an abelian semigroup, so Theorem 2.18 applies, yielding
the existence of an invariant mean A on Y. Since x : U — R belongs to (>°(U),
we can define

O(K)= Ak, VEKEeEK
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2. SOME APPLICATIONS OF FIXED POINT THEOREMS

The following hold:

V(@) =0, »(G)=1 (18)
Y(K) < (Ky), if Ky C Ky; (19)
W(zK) = $(K), Vaed. (20)
(KLU Ky) = 0(Ky) + oK), if K10 Ky = 0. (21)

Properties (18)-(20) are direct consequences of the definition of {x(U), whereas
(21) follows from (17) and the fact that if £ € ¢>°(U) and there is U C U such
that £(V) = 0 for every V. C U, V C U, then A{ = 0. Indeed, A(Ry€) = AE,
and (Ry&)(W) =&¢UNW) =0 for every W C U.

For each open set O C G define
w*(0) =sup{y(K) : K C O, K compact}
and for every FF C G let
p*(E) =inf{x*(0) : O D E, O open}.

By (18)-(20), p*(0) =0, u*(G) = 1, p*(E1) < p*(Eq) if By C Ey C G, and p* is
left invariant. Moreover p* is countably subadditive, i.e.,

w(Us) <) (22)

To see that, let € > 0, and choose open sets O; C E; with pu*(0;) < p*(E;)+e/27,
and a compact set K C [J;2, O;. Due to compactness, K C |Jj_, O; for some
n. Consider a partition of the unity ¢y, ..., y, for K subordinate to the open
cover {Oy,...,0,}, and set K; = {x € G : p;(x) > 1/n}. The K; are compact,
Uj—, K; O K, and K; N K C O;. Thus

o

K) <Y UGN K) <) iwi(05) < 3w (By) +¢

Taking the supremum over all such K, and letting ¢ — 0, we get (22). We
conclude that p* is an outer measure. Applying then the Carathéodory extension
process, we build a measure p, which coincides with p* on the measurable sets,
namely, those sets £ C G such that

p(T) = (TNE)+u (TNEY), VTCG.

The proof is finished if we show that the open sets are measurable, since p is
then a Borel outer regular measure (by construction) and hence regular (being
finite). So let O be an open set, and T be any set. Let € > 0, and take an open
set A D T such that p*(A) < u*(T') +e. Choose a compact set K C AN O with
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p (AN O) < Y(K) + e, and a compact set Ky C AN K with u*(AN K¢) <
(Ky) + €. Then

§H(T' N 0) + (T N OF) < p*(AN O) + (AN KO) < $(K) + (Ko) + 2
= (KUK + 2 < p*(A) +2e < p*(T) + 3e.
Since ¢ is arbitrary, the desired conclusion is immediate. o
A different proof of Theorem 2.21, that directly applies the Markov-Kakutani

theorem, can be found in [14]. The advantage of the approach presented here is that
it can be easily modified to extend the result to the locally compact case.

2.22 When G is a locally compact topological group it is still possible to talk of
Haar measures. In this case we shall distinguish between left and right invariant
ones.

Definition Let G be a locally compact topological group. A left Haar measure
on G is a nonnull Radon measure p on G satisfying (14). Analogously, a right
Haar measure on G is a nonnull Radon measure v on G satisfying (15).

Recall that a Radon measure is a positive linear functional on C,.(G) (the space
of compactly supported continuous functions on ). From the Riesz representation
theorem every such functional can be uniquely represented by a positive outer regular
Borel measure, finite on compact sets, for which open sets are inner regular (cf. [12]).

Theorem Let G be a locally compact topological group. Then there exists left
Haar measures and right Haar measures on G. Moreover, any two left (right)
Haar measure differ by a multiplicative positive constant.

The proof of the above theorem can be found in [11]. We list some important
properties of Haar measures, that generalize (14)-(16) (cf. [4, 11]).

Theorem Let G be a locally compact topological group.

(a) There exists a continuous strictly positive function A on G, with A(e) =1
and A(zy) = A(x)A(y) for all z,y € G, such that if u is any left Haar

measure on G, then
| 1w dute) = s [ f@ydute). Vyec. i@
(b) For any left Haar measure 1 on G there holds
|1 dute) = [ @) M@auta). V1 €@

(¢) For any left Haar measure v and any right Haar measure v on G there is
c > 0 such that

/G f(@) d(z) = ¢ /G f@)A@) du(z), ¥ f € C(G).
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(d) Given any any left or right Haar measure on G, every nonvoid open set has
nonnull measure, and G has finite measure if and only if it is compact.

Notice from (a)-(c) it follows that if v is any right Haar measure on G then
1
/ flyz)dv(z) = A—/ f(x)dv(z), Vyed, feC(G).
G ) Ja

Remark The function A is termed the modular function. A locally compact
topological group is called unimodular if there exists a bi-invariant Radon mea-
sure. This happens if and only if A = 0. Besides compact groups, abelian groups
are clearly unimodular.

Game theory

We consider a game with n > 2 players, under the assumption that the players do
not cooperate among themselves. Each players pursue a strategy, in dependence of
the strategies of the other players. Denote the set of all possible strategies of the
kth player by Kj, and set K = K; x --- x K,,. An element z € K is called a strategy
profile. For each k, let f; : K — R be the loss function of the k' player. If

Y file)=0, VzeK (23)

the game is said to be of zero-sum. The aim of each player is to minimize his loss,
or, equivalently, to maximize his gain.

Definition A Nash equilibrium is a strategy profile with the property that no
player can benefit by changing his strategy, while all other players keep their

strategies unchanged. In formulas, it is an element z = (Zy,...,%,) € K such
that

Je(@) < fulZ1, oo Tty Thy Thgas - - -5 T, Vo € Ky (24)
forevery k=1,...,n

Strictly speaking, a Nash equilibrium suggests a convenient “cautious” strategy
to be adopted by each player in the game. We said a strategy rather than the
strategy, since a Nash equilibrium (if it exists) might not be unique.

We need of course further hypotheses on the sets K and on the maps f. It
is reasonable to assume that, with all the other strategies fixed, the loss function
fr has a small variation in correspondence of a small variation of ;. Also, loosely
speaking, it is assumed that the average of losses corresponding to two different
strategies of the k' player is grater than the loss corresponding to the “average”
strategy. Convexity can suitably translate this issue.

The fundamental result of game theory is the following.



GAME THEORY 57

2.23 Theorem [Nash| For every k = 1,...,n, let K be a nonvoid, compact
and convex subset of a locally convexr space Xj. Assume that, for every k, the loss
function fy is continuous on K. In addition, for every fived x; € K; with j # k, the
map

fk(l'l, v s L1y Lt 1y - - - ,%n) : Kk — R
is convex. Then there exists & € K satisfying (24), i.e., there is a Nash equilibrium.

PROOF Define ®: K x K — R as

n

O(x,y) = Z [fie(@) = felma, o e, Yoo Thgr, - - -5 )]

k=1

Then & is continuous, and ®(z,-) is concave for every fixed x € K. From
Theorem 1.24 there exists * € K such that

sup ®(Z,y) < sup ®(y,y) = 0.
yeK yeK

In particular, if we set §y = (Z1,. .., Tk_1, Tk, Tps1, - - -, Tn), for T € K}, we get
d(z,y) <0, V€ Ky
which is nothing but (24). o

The hypotheses can be weakened if we consider a two-player zero-sum game
(sometimes called a duel). In this case, on account of (23), we have

U (zy,29) = fi(21,72) = —fo(22, T2).

Therefore we can repeat the above proof taking ¥ to be convex and lower semicon-
tinuous in the first variable, and concave and upper semicontinuous in the second.
Now W is the loss function of the first player or, equivalently, the gain function of
the second one.

2.24 Theorem [von Neumann] Let K3 C X; and Ky C X5 be as in Theo-
rem 2.28. Let ¥ : Ki x K9 — R be such that

(a) W(-,z2) is lower semicontinuous and convexr ¥ x9 € Ks;
(b) W(xy,-) is upper semicontinuous and concave Y x1 € K;.

Then there exists a Nash equilibrium (Z1,T2) € Ki X K.

PROOF In this case @ : (K7 x K3) X (K; x K3) — R has the form

D((z1,22), (Y1,42)) = =V (y1, 22) + V(21,2

and the argument of the proof of Theorem 2.23 applies. o
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Theorem 2.24 is known in the literature as the minimaz theorem. The reason is
clear from the next corollary.

Corollary In the hypotheses of Theorem 2.2/, the equality

inf sup V(zq,x U(Z,,To) = sup inf W(xy, x
meleQe% ( 1, 2) ( 1, 2) $2e£2$1€K1 ( 1) 2)

holds true.

PROOF Define g(x1) = sup,,cx, ¥(21,22) and h(xs) = inf, cx, Y(x1,22). Then
for all z; € K; and x5, € K5 we have

h(xe) < W(xq,29) < g(x1)
which entails

sup h(xzs) < inf g(x
me% (72) _xleKlg( 1)

On the other hand, by Theorem 2.24,

hzo) = inf U(xy,To) = V(T1,T) = sup V(Ty,22) = g(Z1)-

r1€K, o€ Ko
Hence
sup h(wz) 2 h(Z2) = g(71) > inf g(x1) > sup h(zs)
z2€K2 r1€K1 T2€K>
so that all the above inequalities are in fact equalities. o

We conclude the section considering a duel game where the sets Ky and K, of
all possible strategies of each player are finite. We also assume that, for k£ = 1,2,
player k plays randomly the strategy x; € K} with probability pi(zx). In this case
the players are said to adopt a mized strategy. Denoting the loss function (of the
first player) by W, the average loss function is given by

P (p1, p2) Z Z p1(z1)p2(z2) ¥ (21, 2)

z1€F x2€EFL

defined on the set K’ x KI' where

Kj = {pk PFe—[0,1]: ) palw) = 1}-

rpE€F}

Theorem Any duel with a finite numbers of strategy profiles admits a Nash
equiltbrium made of mized strategies.

PROOF Just observe that K} and U¥ fulfill the hypotheses of Theorem 2.24. o
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Notes on Chapter 2

The implicit function Theorem 2.4 is due to Dini [Opere vol.II, Ed. Cremonese, Roma (1954)]. Concerning
the Newton method, we refer to the paper of Kantorovich [Acta Math. 71, 63-97 (1939)].

Theorem 2.8 and Theorem 2.8 are refined versions of the “method of the successive approximants”,
envisaged by Cauchy and Liouville, and developed in the most general form by Picard [J. de Math. 6,
145-210 (1890)]. Theorem 2.11 (for finite-dimensional Banach spaces) is due to Peano [Math. Ann. 37,
182-228 (1890)]. Dieudonné’s Example 2.12 is in Acta Sci. Math. Szeged 12, 38-40 (1950). Theorem 2.13
is due to Godunov [Functional Anal. Appl. 9, 53-55 (1975)]. The same result for nonreflexive Banach
spaces has been obtained by Cellina in a previous paper [Bull. Amer. Math. Soc. 78, 1069-1072 (1972)].

Lomonosov’s Theorem 2.16 has appeared in 1973 [the English translation is in Functional Anal. Appl.
7, 213-214 (1974)]. For some time it was not clear whether there could exist operators to which the
theorem does not apply. An example in that direction has been found by Hadvin, Nordgren, Radjavi and
Rosenthal [J. Funct. Anal. 38, 410-415 (1980)]. However, the problem of invariant subspaces in Banach
spaces has been solved (negatively) by Enflo some years later [Acta Math. 158, 213-313 (1987)]. A good
reference for the subject is the book of Beauzamy Introduction to operator theory and invariant subspaces,
North-Holland, Amsterdam (1988).

More details on measure preserving maps and their link with ergodic theory can be found in Walter’s
book An introduction to ergodic theory, Springer-Verlag, New York (1982).

Example 2.17 is due to Banach [Opérations linéaires, Monografje Matematyczne I, Warszawa (1932)].
Day’s Theorem 2.18 is in Illinois J. Math. 1, 509-544 (1957).

A complete reference for Haar measures is Nachbin’s book The Haar integral, Van Nostrand, Princeton
(1965).

The celebrated Theorem 2.23 on non-cooperative games is due to Nash [Ann. of Math. 54, 286-295
(1951)], who obtained for the result the Nobel Prize in Economics. The first striking result in game theory
is von Neumann’s Theorem 2.24 [Ergebnisse eines Math. Colloq. 8, 73-83 (1937)].
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